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1 Introduction
Environmental awareness has grown considerably over the last decades. Increasing concerns
regarding toxicity and environmental compatibility of chemicals have led to an environmental
legislation which imposes ever-increasing regulations and restrictions concerning the use and
disposal of (potentially) hazardous materials on the chemical industry. This in turn has resulted
in intensified efforts to find sustainable alternatives for the current chemical processes. Today,
these endeavours are known as “sustainable development” and “green chemistry”.
These terms describe a new field in chemistry with the objective to prevent pollution by the
reduction, avoidance or elimination of hazardous substances in the design, manufacture or ap-
plication of chemical products. Objective of all research activities are chemical processes or
products that are inherently of less or even no risk to the human health or the environment.
Among other strategies for achieving these aims, the research on catalytic reaction processes
and sustainable solvents is of special interest [1, 2, 3, 4].
In the field of catalysis, the use of enzymes in organic synthesis and in non-conventional solvents
has become an interesting alternative to conventional chemical methods [5, 6]. Enzymes usu-
ally display high chemo-, regio-, and enantioselectivity, which makes them especially attractive
for biocatalytic applications in pharmaceutical, cosmetic, and agricultural areas with increasing
demand for enantiomerically pure and specifically functionalised chemical compounds. Non-
conventional solvents allow the catalysis of reactions which are thermodynamically unfavourable
in water or result in water-induced side-reactions. Moreover, these media permit the solubilisa-
tion of hydrophobic substrates for enzyme-catalysed reactions.
Apart from other non-conventional media, the use of enzymes solubilised in hydrated reverse
micelles or water-in-oil microemulsions has been the subject of investigation in several studies
[5]. In addition, microemulsion-based organogels, i.e. gelled microemulsion systems based on
biopolymers, have recently attracted attention as solid-phase catalysts in organic solvents due
to problems in product isolation and enzyme reuse in microemulsion systems [7, 8].
In parallel, liquid or supercritical carbon dioxide (scCO2) has emerged as perhaps the most
promising “green” solvent (apart from water): carbon dioxide is toxicologically harmless, not
inflammable, readily available and inexpensive. Besides, it exhibits a moderate critical point
(Θc = 30.98 ◦C, pc = 73.773 bar [9]) and tunable solvent and solvation properties by simple
control of pressure and temperature [10].
The range of (potential) applications of scCO2 is quite large [11]: apart from extraction and
cleaning processes, it is used as solvent for spray coating and chemical reaction. The already
mentioned low critical temperature makes scCO2 moreover, an ideal solvent for heat-sensitive
substances and biocatalysts.
Consequently, the field of investigations on enzyme catalysis in scCO2 has been continuously
growing since the mid-1980s [12, 13, 14], when Randolph et al. were the first to conduct an en-
zymatic reaction in scCO2 using alkaline phosphatase [15]. So far, studies concerning enzymatic
catalysis in scCO2 were predominantly performed with solid (free) or conventionally immobilised
enzymes.
2 1 Introduction
However, a major drawback of scCO2 is the fact that it exhibits very low solubilities for polar
and ionic substances. In order to overcome this limitation, the use of microemulsions with
special CO2-philic surfactants has attracted attention. Microemulsions in scCO2 allow one to
dissolve hydrophilic substances such as proteins within the aqueous core of the microemulsion
nanodroplets [16, 17]. Moreover, they can be applied for the preparation of nanoparticles of
defined size [18]. Recently, enzymatic reactions in microemulsions in scCO2 were reported in
literature [19, 20, 21]. Until now, a large number of experimental and theoretical studies has
been carried out in order to find both suitable and sustainable surfactants for stabilising the
water-CO2 interface [22].
This thesis concerns the potential application of organogels as enzyme immobilisation matrix
for enzymatic reactions in scCO2 aiming at the replacement of volatile organic solvents, e.g.
isooctane, used in the conventional biocatalytic process by scCO2.
For this purpose, lipases were encapsulated in microemulsion-based organogels and tested for
their catalytic activity in scCO2. Various parameters affecting the biocatalysis such as pressure,
mass fraction of biopolymer, alcohol and carboxylic acid chain length were studied. Moreover,
a kinetic study was performed in order to clarify the reaction mechanism and to determine
apparent kinetic constants. Apart from classical microemulsions, so-called detergentless mi-
croemulsions were used for the preparation of enzyme-containing organogels and tested for their
capability to catalyse esterification reactions in scCO2. In addition, phytantriol-based organo-
gels as a new type of immobilisation matrix were tested for their potential use as solid-phase
catalysts.
Furthermore, solubility studies on surfactants and related molecules were undertaken in order
to identify new surfactants for the formation of microemulsions in scCO2.
2 Fundamentals
2.1 Supercritical fluids
In 1822, Baron Cagniard de la Tour was the first to observe the appearance of a supercritical
phase by increasing the temperature of a pure substance in a sealed glass vessel so that the two
distinct gas and liquid phases disappeared into one visual phase [23, 24]. This early discovery
marks the first notation of a SCF (supercritical fluid). About half a century later, T. Andrews
performed a thorough study on (supercritical) carbon dioxide. He introduced the term “critical
point” and described the true nature of the supercritical state: “Carbonic acid at 35◦·5, and
under 108 atmospheres of pressure, stands nearly midway between the gas and the liquid; and
we have no valid grounds for assigning it to one form of matter any more than to the other.
(...) the gaseous and the liquid state are only distant stages of the same condition of matter,
and are capable of passing into one another by a process of continuous change.” [25]. Finally,
J. B. Hannay and J. Hogarth were the first to consider SCFs as possible solvents for low-vapour-
pressure solid materials. They undertook systematic solubility studies on SCFs [26, 27, 28]
demonstrating that e.g. cobalt(II) chloride, ferric chloride and potassium chloride were soluble
in supercritical ethane. Apart from observing that a very finely divided solid could be produced
by rapidly reducing the pressure of a supercritical solution, they were able to show that the
dissolving power of a SCF is pressure dependent. The tunable solvation behaviour as illustrated
by their experiments is the basis for the growing modern-day research interest in supercritical
fluids as solvents resulting in applications such as SFE (supercritical fluid extraction) and RESS
(rapid expansion of supercritical solution) processes.
The remainder of this section provides an introduction to physicochemical properties and appli-
cations of supercritical fluids with special emphasis on supercritical carbon dioxide.
2.1.1 The supercritical state of pure substances
Pure chemical substances exist in different states of matter according to the actual values of the
external state variables pressure p and temperature T . Figure 2.1 shows the phase diagram of
carbon dioxide as a typical example of the phase diagram of a pure substance. It allows the
determination of the number and the type of the aggregation states for any pair of values (p, T )
of the state variables [29].
The regions, in which the substance occurs as a single phase, i. e. solid (s), liquid (l) or gaseous
(g), are bounded by curves indicating the coexistence of two phases in mutual equilibrium. The
sublimation curve represents the equilibrium between solid and gaseous phase and the melting
curve visualises the equilibrium between solid and liquid, whereas the vapour-pressure curve
indicates the coexistence of liquid and gas. The three curves intersect at the triple point, which
indicates the condition under which all three phases of a substance exist in mutual equilibrium.
All coexistence curves, except for the vapour-pressure curve, tend to infinity or eventually inter-
cept another equilibrium curve. However, the vapour-pressure curve begins at the triple point
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Figure 2.1: Phase diagram of carbon dioxide. Data taken from [9, 31, 32, 33].
and ends at the critical point. Increasing the temperature along this curve towards the critical
point results not only in an increased pressure at which the two phases coexist, but also in a
decreasing difference between the intensive properties of the liquid and the gaseous state. At the
critical point, characterised by the substance-specific critical temperature Tc and pressure pc,
the densities and all other intensive properties of the liquid and the gaseous phase get identical.
Consequently, the phase boundary between the liquid and the gas vanishes and both phases
become indistinguishable at a temperature or a pressure beyond their critical values.
Thus, a pure substance is referred to as supercritical, if both the temperature, T , and the
pressure, p, are above their critical values Tc and pc, respectively. Additionally, the pressure has
to be below the pressure ps required to condense the fluid into a solid. This exception, omitted
by the IUPAC definition, is necessary as the melting curve extends over the supercritical region
[11, 30]. For example, the pressure required to solidify carbon dioxide at its critical temperature
is only 5700 bar (cf. Figure 2.1).
Another commonly used expression is the term “near-critical fluid” (NCF). The near-critical
region extends around the critical point but the description as near critical fluid is usually just
used for fluids in the non-supercritical state.
2.1.2 Basic physical properties of supercritical fluids
The physical properties of SCFs vary over a wide range depending on pressure and temperature
but are generally intermediate between those of gases and liquids [11, 35, 36]. Selected physical
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Table 2.1: Comparison of the physical properties of gases, liquids, critical and supercritical
fluids. Adapted with permission from [34]. Copyright 1987 VCH Verlagsgesellschaft.
Density Viscosity Diffusion coefficient
Solvent
ρ/g cm−3 η/Pa s D/cm2 s−1
Gas a 6 · 10−4 - 2 · 10−3 1 · 10−5 - 3 · 10−5 0.1 - 0.4
Critical fluid b 0.2 - 0.5 1 · 10−5 - 3 · 10−5 7 · 10−3
SCF c 0.4 - 0.9 3 · 10−5 - 9 · 10−5 2 · 10−3
Liquid a 0.6 - 1.6 2 · 10−4 - 3 · 10−3 2 · 10−6 - 2 · 10−5
a p = 1bar, Θ = 25 ◦C. b p = pc, Θ = Θc. c p = 4pc, Θ ≈ Θc.
properties of SCFs in comparison to those of liquids and gases are shown in Table 2.1 revealing
this Janus-faced nature of SCFs. The hybrid-like character arises from the fact that the liquid
and the gaseous phase merge together at the critical point to form a single phase that can neither
be attributed to the liquid nor the gaseous state.
The densities of SCFs are comparable to those of liquids and depend on both pressure and
temperature as can be seen from Figure 2.2. Especially in the vicinity of the critical point they
are very sensitive to small changes of the two state variables. As density is a measure of the
solvating power of a solvent, changes of temperature and pressure can be used to continuously
adjust the solubility in SCFs.
Increasing the pressure at constant temperature always results in an increased solubility due
to rising density, whereas the effect of an isobaric temperature increase depends on the specific
solute to be dissolved in the considered SCF. Below a system-specific inversion pressure lowering
the temperature results in an enhanced solubility, whereas beyond this inversion pressure the
opposite effect occurs [37, 38]. The explanation for this effect is the interplay between the vapour
pressure of the solute and the density of the solvent, which are affected contrarily by the change
of temperature. Raising the temperature results in a decreased density of the SCF, but in an
increased vapour pressure of the solute. Below the inversion pressure the temperature-induced
change of density prevails, whereas beyond the inversion point the change of vapour pressure
predominates and leads to an improved solubility with rising temperature.
Another physical property which affects the solubility of substances in SCFs is the dielectric
constant r and, thus, the polarity of the solvent. The dielectric constant increases with pressure
and behaves to some extent parallel to the density (cf. Figure 2.2 and Figure 2.3). Supercritical
water (scH2O; Tc = 647.10K, Θc = 373.95 ◦C, pc = 220.64 bar [9]) might serve as a good
example for illustrating the tunable dielectric constant and polarity of SCFs: at 25 ◦C and 1 atm
water has a dielectric constant of 78.4 [39], whereas scH2O exhibits a dielectric constant of
approx. 2 near the critical point and 32.1 at 10000 bar and 650K [40]. Thus, water at ambient
conditions is a polar solvent. On the other hand, scH2O behaves as a more or less non-polar
solvent with to some extent adjustable dielectric constant and polarity. Consequently, scH2O
shows a remarkable ability to dissolve non-polar organic compounds.
Both viscosity and diffusion coefficient represent transport properties of solvents affecting mass
transfer rates. In general, viscosities of SCFs are similar to those of gaseous phases, whereas
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Figure 2.2: Density ρ of carbon dioxide as a function of pressure p at different temperatures.
Data taken from [9].
the diffusion coefficients are intermediate between those for liquids and gases. This results in
very low surface tensions, improved mass transport properties compared to liquids and low flow
resistances. SCFs are more efficient in penetrating microporous solid structures and packed beds
than liquids and solids tend to be dissolved faster in SCFs than in liquids.
Just like the density, viscosity and diffusion coefficient vary both with temperature and pres-
sure. Density and viscosity increase with pressure accompanied by a decrease of the diffusion
coefficient. This effect is less pronounced at higher pressures as density becomes less sensitive
to pressure. In contrast, an isobaric increase of temperature generally results in an increase of
the diffusion coefficient. However, changing the temperature at constant density seems to be
negligible regarding diffusivity [11].
2.1.3 Technical applications of supercritical fluids
The special physical properties of SCFs as discussed in section 2.1.2 have resulted in several
technical applications.
Among them, the supercritical fluid extraction (SFE) [35, 36, 38, 41, 42, 43, 44, 45, 46] is
of particular importance. It is the most commonly used technical process employing SCFs
and it is based on the high efficiency of SCFs in extracting substances from microporous solid
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structures. The extracted component is dissolved in the fluid and the solution is removed from
the feed material. Afterwards, the extracted species can be isolated by changing pressure and/or
temperature and thus lowering its solubility in the particular SCF in use. This causes the solute
to condense into a liquid or solid. Finally, the SCF can be recycled by recompressing it to
extraction conditions.
The main advantages of SFE compared to conventional liquid extraction arise from the tunable
solvation properties and the high recoverability of SCFs from the extract due to their high
volatility. The separation of multiple substances dissolved from the extraction feed is often
possible due to variable solvation properties and diverse solubilities of different solutes at the
respective conditions. In addition, no harmful residues are left behind in the extracted substances
if high volatile non-toxic SCFs are used.
Another technical application for SCFs is the supercritical fluid chromatography (SFC) [42, 47,
48, 49, 50]. Due to the outstanding properties of SCFs, the chromatography with supercritical
fluids can be regarded as a hybrid between gas (GC) and liquid chromatography (LC). As the
dissolving capacity of SCFs can be tuned continuously by changing pressure and/or temperature
(cf. section 2.1.2), the partitioning between mobile and stationary phase can be influenced over
a wide range, which allows the adjustment of separation conditions to a multitude of analytic
problems. Consequently, its importance is based on the fact that it permits the separation
and determination of compounds that are not conveniently handled by either gas or liquid
chromatography. As gas chromatography is predominantly based on temperature control, it is
an unsuitable method for the analysis of thermolabile substances. In contrast, SFC allows one
to work pressure-controlled at low but constant temperatures and thus represents an applicable
analytical method for these substances. Furthermore, it permits the analysis of non-volatile
substances of high molecular weight, for which GC cannot be used due to the low densities
of gases compared to SCFs. Advantages of SFC compared to LC arise from improved mass
transport properties due to higher diffusion constants and from the fact that the separated
substances can be easily obtained by simple reduction of pressure in the case of preparative
chromatography. SFC has been applied to a wide variety of materials including natural products,
drugs, foods, pesticides and herbicides, fossil fuels, explosives and propellants.
Apart from SFE and SCF, supercritical fluids are used for dyeing (supercritical fluid dyeing,
SFD) [51, 52, 53, 54, 55, 56, 57] and impregnation [45, 58, 59, 60, 61, 62, 63] purposes. Both
methods are based on the ability of SCFs to penetrate microporous structures, which allows the
deposition of dissolved substances within the pores of solid materials by lowering the pressure. A
further advantage of this technique is that both excess dyeing/impregnating agents and solvent
can be easily recovered.
Furthermore, supercritical fluids are commonly used for the preparation of (extremely) fine
particles. There are different techniques which are known under the generic term “supercritical
fluid precipitation” (SFP). However, the terminology concerning the different SFP methods is
not used uniformly in literature [64, 65, 66, 67]. The subsequent descriptions of the different
SFP processes are based on [45, 65, 68].
One SFP technique is the so-called rapid expansion of supercritical solution (RESS). This process
consists in solvating the product in a supercritical fluid and rapidly depressurising this solution
through an adequate nozzle, which causes an extremely rapid nucleation of the product into a
highly dispersed material. Known very long, the basic concept of the RESS method was first
described by J. B. Hannay and J. Hogarth [26, 27, 28] (cf. section 2.1). The attractivity of
8 2 Fundamentals
this process is rooted in the fact that it does not require further organic solvents. However, its
application is limited to substances that present a reasonable solubility in the particular SCF in
use.
A second type of SFP methods represent supercritical anti-solvent and related processes, which
require a further (organic) solvent apart from the SCF. Consequently, the field of application for
these methods is the processing of substances, which display poor solubilities in SCFs and thus
do not permit the use of RESS. Furthermore, it is possible to deposit the processed substances
on carriers (often polymers) which are present in the reaction vessel. This allows the formation
active substance-loaded micro-/nano-spheres.
All supercritical anti-solvent and related processes have in common that the contact of a SCF
with a solution of the product in a liquid organic solvent leads to a lowering of the solvent
strength and thus to a supersaturation of the mixture as the SCF is (partially) dissolved in the
organic solvent. This causes the solute to precipitate from the expanded solution. The various
applications based on this so-called anti-solvent effect differ in the way the solution is exposed
to the SCF.
In the case of the so-called gas anti-solvent (GAS) or supercritical anti-solvent (SAS) process,
the liquid solution and the SCF are mixed in a high-pressure vessel by letting the SCF flow
through the liquid solution. Another method called aerosol solvent extraction system (ASES)
involves spraying of the solution through a nozzle into the SCF, while in the case of the solution
enhanced dispersion by supercritical fluids (SEDS) process both solution and SCF are introduced
together into a pressure and temperature controlled vessel by spraying them through the same
nozzle with two coaxial passages.
Moreover, a third type of SFP methods can be applied for preparing fine particles. The respective
technique is referred to as particles from gas-saturated solutions (or suspensions) (PGSS) or
depressurisation of an expanded organic solution (DELOS). Here, a SCF is dissolved into a
liquid substrate, or a solution of the substrate(s) in a solvent, or a suspension of the substrate(s)
in a solvent followed by rapid depressurisation of this expanded solution through a nozzle which
results in the formation of solid particles or liquid droplets according to the system. In contrast
to the above mentioned anti-solvent processes, it is necessary that the solute does not precipitate
upon the addition of the SCF. Accordingly, this technique can just be used if the solute-solvent
couple does not show an anti-solvent effect.
In addition to the above mentioned technical applications, SCFs are also of interest for syn-
thetical reactions because of their tunable solvation and mass transport properties. Thus a
wide variety of reactions has been studied, among them: hydrogenations, hydroformylations,
olefin metathesis reactions, radical reactions, Diels-Alder cylcoadditions, Friedel-Crafts alkyla-
tions, redox reactions, aldol additions, esterifications, polymerisation reactions, homogeneous
and heterogeneous catalytic reactions, and enzymatic reactions [11, 14].
The physical properties of scH2O have resulted in a special oxidation process called supercritical
water oxidation (SCWO) [69, 70, 71, 72], which is mainly applied in the destruction of dangerous
chemical wastes. As already stated in 2.1.2, scH2O displays a remarkable solvating power for
(non-polar) organic substances and gases such as oxygen. SCWO consists in the solvation of
organic substances and compressed air in supercritical water, which results in a spontaneous
and complete oxidation of the organic molecules by the aerial oxygen because of the high tem-
perature (Θc = 373.95 ◦C [9]). Hydrocarbons are degraded to water and carbon dioxide, while
heteroatoms such as sulfur, chlorine and phosphorus in the organic molecules are converted to
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the respective inorganic acids and nitrogen atoms yield ammonia, nitrous oxide, or nitrogen
according to the oxidation conditions. As can be seen, the resulting oxidation products are at
large relatively innocuous.
2.1.4 Supercritical carbon dioxide
2.1.4.1 Properties – advantages and disadvantages
Studies on SCFs have essentially focussed on four different fluids: carbon dioxide, ethane, ethene
and water. Among them, supercritical carbon dioxide (scCO2; Tc = 304.13K, Θc = 30.98 ◦C,
pc = 73.773 bar [9]) is the by far most widely used fluid. This fact is rooted in some advantages
which scCO2 offers in comparison with other SCFs [11].
scCO2 exhibits a moderate critical temperature of 30.98 ◦C not far from room temperature
(25 ◦C). As a consequence, scCO2 is suitable for use as solvent for thermally labile natural
substances or pharmaceutical agents. As many enzymes reach their activity maximum at tem-
peratures just above the critical temperature of carbon dioxide, biocatalytic processes are a
further field of possible applications for scCO2.
The main advantage of scCO2 lies in its toxicological and physiological safeness. Provided that
the concentration of carbon dioxide is not too high, it can be regarded as non-toxic (MAC value:
9000mg m−3 [73]). Apart from air, nitrogen and water, carbon dioxide is the only substance
which is explicitly excepted from the additive ban in foodstuffs [74] and does not have to be
indicated to the consumer . The European Community (EC) Council directive 88/344/ECC,
stating the regulations regarding the use of extraction solvents in the production of foodstuffs and
food ingredients within the EC, classifies carbon dioxide as generally regarded as safe (GRAS).
Besides, carbon dioxide can be removed without residue by release of pressure. Therefore, scCO2
is of special interest for food technology, pharmaceutics and the production of cosmetics.
Furthermore, carbon dioxide is an environmentally benign and biocompatible solvent as it is
ubiquitous in the atmosphere with a concentration of 0.03% by volume [73] and 100% bio-
recyclable trough photosynthetic pathways. Thus, carbon dioxide is regarded as an alternative to
many organic solvents which are classified as volatile organic compounds (VOCs) and represent
an environmental threat due to their volatility. Unlike many organic solvents, carbon dioxide
is a relatively inert and non-flammable substance which contributes to the safety of processes
using scCO2 as solvent.
In addition, economic reasons plead for the use of scCO2 as solvent. Carbon dioxide is priced –
even highly purified – more reasonably (approx. $0.05 kg−1 [75, 76]) than many organic solvents
and is available in large quantities, as, at present, it is mainly recovered as a by-product of
the industrial hydrogen and ammonia production. However, the sequestration of CO2 from flue
gases of power plants has increasingly gained importance in recent years. Alternatively, carbon
dioxide can be extracted from the air.
An essential disadvantage of scCO2 is the high critical pressure of 73.773 bar, which necessitates
high engineering requirements and investments costs. As cost and apparative standards for
the scale-up of practical applications are less demanding when liquid carbon dioxide is used
at around its vapour pressure (approx. 25 ◦C, 60 bar), there is a tendency to use supercritical
conditions only if necessary for processes such as fractionating or extraction.
A further drawback for the application of scCO2 is the fact that carbon dioxide is not a com-
pletely inert solvent, as water in contact with CO2 becomes acidic due to the formation and
10 2 Fundamentals
Table 2.2: Schematic summary on the beneficial and adverse affects of chemical properties on
the solubility of organic compounds in scCO2. Adapted with permission from [35]. Copyright
1994 Springer-Verlag. Additional table entries according to [77].
Solubility enhancing Solubility lowering
– unsaturations – No. of carbon atoms
– branching – aromaticity
– etherification – aromatic substituents
– esterification – OH groups
– fluoroalkyl groups – COOH groups
– dimethyl siloxane groups – halogen atoms apart from F
– NH2 groups
– NO2 groups
dissociation of carbonic acid. Accordingly, scCO2 with admixed water is slightly corrosive and its
applications are limited to reactions and separation processes where no pH-sensitive substances
are involved. This restriction concerns particularly the use of enzymes in scCO2 as many en-
zymes exhibit an optimum catalytic activity at higher pH values. Although it is possible to
buffer the aqueous phase in such systems to a pH of about 5-7 [19, 78], the majority of enzymes
with alkaline catalytic maximum do hardly come into consideration for catalysis in scCO2. Only
those enzymes can be used that are not denatured and display sufficient activity in the resulting
acidic environment. Moreover, carbon dioxide tends to react with basic N–H functionalities
in order to form amidocarbonic acids and carbamates [79]. This reaction capability of CO2
restricts not only the usage of scCO2 for the extraction and chromatography of amines, but
is also problematic for the application of enzymes which frequently possess free amino groups
in their active sites, as the formation of carbamates in presence of carbon dioxide is known to
affect enzymatic activity [80, 81, 82, 83]. Besides, the coordination ability and reactivity of car-
bon dioxide towards various transition metal centers is well established [79, 84], which possibly
causes problems for organometallic reactions in scCO2.
Apart from the drawbacks mentioned above, the arguably most important disadvantage of scCO2
is its hydrophobic, but not necessarily lipophilic character, which implies far-reaching restrictions
for its applicability as solvent in technical processes, e.g. [76, 85, 86, 87]. Carbon dioxide exhibits
very low solubilities for polar and ionic substances and for many (non-polar) compounds with
high molecular weight. This behaviour arises from its very low values for the dielectric constant
r (cf. Figure 2.3) and for the polarisability α (α = 3.24 · 10−40Cm2 V−1 [88]). Consequently,
CO2 is non-polar and has by far weaker intermolecular van der Waals interactions than those of
lipophilic hydrocarbon solvents. This means that many substances such as polymers and many
conventional surfactants with appreciable solubility in latter solvents show very poor solubilities
in carbon dioxide. Although carbon dioxide is a low-dielectric fluid with no permanent dipole
moment, it is also a Lewis acid and possesses a relatively large quadrupole moment. There
are studies that suggest that CO2 engages in quadrupole-quadrupole or quadrupole-dipole in-
teractions with molecules that include certain types of polar functional groups such as esters,
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ethers or hydrofluorocarbons, e.g. [87, 89]. Their results are used to explain why certain poly-
mers with the respective functional groups show enhanced solubilities in scCO2 in contrast to
non-functionalised hydrocarbon polymers. Due to the complex behaviour of carbon dioxide as
solvent, the terms “CO2-philic” and “CO2-phobic” have come into use in order to characterise
the solvation properties of carbon dioxide and in order to classify substances according to their
solubility in CO2. Table 2.2 gives an overview on the influence of different chemical properties
and functional groups on the solubility in scCO2.
2.1.4.2 Strategies to enhance solubilities in supercritical carbon dioxide
As solubility limitations as described in section 2.1.4.1 are the main drawback for the application
of scCO2, the search for strategies to enhance solubilities – in particular of polar and ionic
compounds – has been a major task in the scCO2 research. In summary, the methods used to
facilitate the dissolution of polar and ionic substances are based on two general principles: either
increasing the polarity of the solvent or reducing the polarity of the compound to be dissolved
in carbon dioxide [90].
2.1.4.2.1 Increase of solvent polarity
One possibility of increasing the polarity of carbon dioxide is to increase the density and thus
the dielectric constant r by raising the pressure or lowering the temperature as can be seen from
Figure 2.3 (cf. also section 2.1.2). As thermolabile substances often require mild temperatures
below 50 ◦C, the usually adjusted parameter in order to change solvent polarity is pressure.
Furthermore, an increase in solvent polarity and/or solvent strength of scCO2 can also be
achieved by admixture of one ore more cosolvents with higher polarity than CO2. The added
cosolvents are usually referred to as modifiers or entrainers. As scCO2 is compatible and miscible
with a great variety of common organic solvents, there are a lot of cosolvents to choose from in
order to increase either the dielectric constant or the affinity towards certain compounds such as
aromatic species. The most commonly used modifiers are short chain alcohols and among them
methanol, although in some cases other entrainers such as hexane, toluene, aniline or diethyl-
amine [92, 93] have been shown to be the more efficient additives. The modifier is usually added
in a concentration range of 1-10%. The more modifier is used, however, the less environmentally
benign and sustainable the application gets despite the use of scCO2 as chief component of the
solvent. Furthermore, the application of less volatile cosolvents obviates one main advantage of
carbon dioxide, which is the possibility to avoid solvent residues after depressurisation. Never-
theless, the addition of entrainers has proven to be a valuable tool for the modification of the
solvent properties of scCO2. This is not only based on the possibility to vary solvent polarity
to a far greater extent than in pure scCO2, but also on specific cosolvent-solute interactions and
on effects on the leaching matrix in the case of SFE. As knowledge of the phase behaviour of the
CO2-modifier(s) mixtures is essential for process control and design, the investigation of phase
equilibria has been a task of great interest. Reviews about systems studied in the last decades
are given by Fornari et al. [94] and Dohrn and colleagues [95, 96].
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Figure 2.3: Dielectric constant r of carbon dioxide as a function of pressure p at different
temperatures. Data taken from [91].
2.1.4.2.2 Lowering the polarity of the compound to be dissolved
One method for enhancing the extraction efficiency of polar organics represents the in situ chemi-
cal modification under supercritical conditions, where polar groups (hydroxyl, carboxyl) are con-
verted to less polar functionalities (ether, ester and sylil derivates) with CO2-philic character.
The resulting derivates are mostly more readily soluble in scCO2. In case of SFE, this process
is generally referred to as supercritical fluid derivatisation and extraction (SFDE) [97, 98].
Similarly, metals and their ions can be dissolved in scCO2 by formation of organometallic com-
pounds, as shown by Cai et al. [99], who developed a procedure for the simultaneous determina-
tion of butyltin and phenyltin compounds in sediment by in situ derivatisation with hexylmagne-
sium bromide in the extraction cell. A further instance is the speciation of organic and inorganic
arsenic by GC after supercritical fluid extraction from sand supports with in situ derivatisation
with thioglycolic acid methyl ester [100].
Another method for increasing the solubility of charged species in scCO2 represents their neu-
tralisation by ion-pair formation. The formed ion-pairs are less polar than the initial species
and often tend to be soluble in carbon dioxide even without the addition of modifiers. The
scCO2 extraction of certain sulfonamides by means of ion-pair formation with trimethylphenyl-
ammonium as counterion has even proved to be more efficient than the corresponding extraction
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Table 2.3: Industrial applications of supercritical carbon dioxide. Adapted with permission
from [106]. Copyright 1996 Division of Chemical Education, Inc.
Process Company
Decaffeination of coffee Kaffee HAG AG
Maxwell House
Jacobs Suchard






Extraction of aromas CAL-Pfizer
Extraction of spices Raps and Co.
Extraction of red pepper Natural Care Byproducts
Extraction of pharmaceuticals from botanicals Agrisana
Removal of lipids from bone Bioland
Removal of oil from fiber optics rods AT&T
Cleaning of aircraft gyrosopic components U.S. Air Force
with methanol as solubility enhancer [101]. Further examples for the successful application of
ion-pairing can be found in [102, 103].
Complex formation is a further method to increase the solubility of certain charged species such
as metal ions in scCO2. The ligands used for this purpose are generally dithiocarbamates, fluori-
nated dithiocarbamates, fluorinated β-diketones and ionisable crown ethers. An example for the
latter ligand type is the tert.-butyl-substituted dibenzobistriazolo crown ether which permits the
quantitative extraction of Hg2+ from sand, cellulose filter paper, and liquid samples by means of
methanol-modified CO2 under mild SFE conditions (60 ◦C, 200 atm), while other divalent metal
ions, including Cd2+, Co2+, Mn2+, Ni2+, Pb2+ and Zn2+ are virtually unextractable under these
conditions [104]. A strategy for the design of chelate ligands for scCO2 is the attaching of CO2-
philic tail groups to conventional chelating agents [105]. In general, these modified CO2-philic
ligands can be used in the majority of the applications where their conventional analogues are
used.
Finally, polar and ionic compounds can be dissolved in carbon dioxide by means of water-in-
carbon dioxide microemulsions, where the water core of the microemulsion nanodroplets provides
an appropriate environment for their incorporation. Details concerning microemulsions and re-
verse micellar systems in scCO2 can be found in section 2.2.
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2.1.4.3 Technical applications of liquid and supercritical carbon dioxide
As already stated in section 2.1.4.1, scCO2 is the by far most widely used supercritical fluid.
Consequently, many realised processes as described in section 2.1.3 utilise scCO2 as solvent. This
section gives a short survey of some selected technical applications of supercritical and liquid
carbon dioxide besides SFC, SFD, supercritical fluid impregnation, and SFP.
The arguably best-known supercritical fluid extraction with scCO2 as solvent is the decaffeina-
tion of coffee [36, 44], which is based on a patent developed by K. Zosel [107]. Due to its
toxicological safeness and the fact that no solvent residue remains in the extract after depres-
surisation, the extraction with scCO2 is frequently applied in food chemistry and pharmacy.
Table 2.3 lists a few industrial processes. Further examples can be found in [108].
In recent years the cleaning of industrial component parts by means of scCO2 has gained in
importance, where carbon dioxide is used as a degreasing solvent in order to remove oily or fatty
residuals from components within the manufacturing process. Possible fields of applications of
CO2-based cleaning processes include laser optical components, porous ceramic components,
printed circuit boards, precision bearings, and machined parts. For example, Draper Laborato-
ries (Cambridge, Massachusetts, USA) and Litton Industries (Salt Lake City, Utah, USA) use
carbon dioxide in cleaning processes developed by CF Technologies (Hyde Park, Massachusetts,
USA) for parts cleaning [109].
Moreover, scCO2 is increasingly applied as a green alternative to conventional solvents for or-
ganic synthesis and polymerisation reactions. In 2002, Thomas Swan & Co. (Consett, U.K.) put
a multipurpose plant into operation that uses carbon dioxide as reaction medium for hydrogena-
tions, Friedel-Crafts alkylations and acylations, hydroformylations, and etherification reactions.
Moreover, DuPont Fluoroproducts (Wilmington, Delaware, USA) started to use scCO2 as solvent
for the commercial production of poly(tetrafluoroethylene) resins in March 2002 [110]. Further
potential applications in the field of polymer synthesis are precipitation polymerisations and
surfactant-aided dispersion or emulsion polymerisations [10, 111].
Another industrial application is the so-called UNICARB process developed by Union Carbide
(Danbury, Connecticut, USA). The UNICARB system uses scCO2 as delivery solvent for spray
coating materials, which allows the replacement of a substantial portion of the organic solvents
present in conventional coating formulations. As a result, VOC emissions can be lowered while
retaining coating sprayability [112].
Current research efforts include, inter alia, spin-coating of semiconductor wafers for the gener-
ation of high-quality thin films of CO2-soluble photoresists for photolithography purposes [113]
and the deposition of metals from scCO2 solutions by chemical reduction of organometallic com-
pounds [114, 115]. Following chemical vapour deposition, the latter process, which yields high
purity films at low temperatures, is called chemical fluid deposition.
2.2 Microemulsions
2.2.1 Definition and properties
Microemulsions represent liquid, thermodynamically stable single-phase dispersions of two im-
miscible liquids and a dissolving intermediary. They are optically isotropic and either transpar-
ent or opalescent. The two immiscible liquids are generally water and an aliphatic hydrocarbon,








Figure 2.4: Schematic representation of nanodroplets in discrete microemulsions. a) Direct or
o/w microemulsion. b) Reverse or w/o microemulsion. Tails with white “headgroups” rep-
resent surfactant molecules, while optionally admixed cosurfactants have black “headgroups”.
Adapted with permission from [116]. Copyright 1986 Springer-Verlag.
surfactant. However, some systems require the admixture of cosurfactants, which are mostly
alcohols of medium chain length [117, 118, 119, 120, 121, 122, 123, 124].
Microemulsions are macroscopically homogeneous solutions which are microscopically heteroge-
neous. Concerning their structures two different models are discussed: discrete microemulsions
and bicontinuous microemulsions.
Discrete microemulsions, as illustrated in Figure 2.4, consist of nanodroplets of one pseudophase
(water or oil) dispersed in another pseudophase. Structures like that are generally found if one
of the two immiscible liquids is present at much higher concentration than the second one and if
only small amounts of amphiphile(s) are added to the system. The interface between the inner
pseudophase (water or oil) and the outer or continuous dispersive pseudophase is stabilised by
a monomolecular surfactant layer. The diameters of the dispersed nanodroplets are in the order
of 10 nm to 100 nm. Thus, microemulsions are intermediate between micelles/micellar solutions
(diameters < 10 nm) and (macro-)emulsions. Consequently, microemulsions are often described
as swollen (reverse) micelles. According to their composition, a distinction is drawn between
water-in-oil (w/o) and oil-in-water (o/w) microemulsions. In the case of liquid or supercritical
carbon dioxide as continuous phase, the abbreviation w/c (water-in-CO2) is commonly used for
the respective microemulsions.
In the region of the phase diagram with comparable amounts of water and oil, bicontinuous
sponge-like structures are observed, which are characterised by a morphology of interpenetrating
domains of oil and water as shown in Figure 2.5.
In contrast to (macro-)emulsions, microemulsions are formed spontaneously, which can be at-
tributed to the fact that interfacial tension is low enough to be compensated by the energy of
dispersion. Besides, separation of the components is not possible by centrifugation.
As already stated, some microemulsions show the phenomenon of opalescence, which means that




Figure 2.5: Schematic model of the interconnected conduits that compromise a bicontinuous
microemulsion. Adapted with permission from [125]. Copyright 1986 American Chemical
Society.
[126]. The turbidity τ is defined by





and describes the total relative amount of light scattered by a unit volume of the substance in
all directions. I0 is the intensity of the incident beam, while Itotalsc is the loss of intensity with
respect to the incident beam due to scattering. Furthermore, the turbidity τ depends on the




As can be seen from Equations (2.1) and (2.2), blue light is scattered more than red light due
to its shorter wavelength λ.
2.2.2 Characterisation of ternary w/o microemulsions
Ternary w/o microemulsions consisting of surfactant, water and oil are generally characterised





According to Pileni [127] the term microemulsion corresponds to systems, where droplets con-
taining a lot of water (W0 > 15) are present, whereas aggregates containing just a small amount
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of water (W0 < 15) are usually called reverse (hydrated) micelles. In the latter case, the systems
are often referred to as micellar solutions. However, in the literature there is frequently no clear
distinction between these two cases and mostly the term microemulsion is used for the particular
systems under investigation.
In addition, the volume fraction φ of the dispersed phase can be applied for the characterisation
of ternary microemulsions. The volume fraction is defined as follows [128]:
φ =
Vwater + Vsurfactant
Vwater + Vsurfactant + Voil
(2.4)
and for its calculation the microemulsion is regarded as ideal solution.
As water is slightly soluble in scCO2 [129, 130], two modifications of the Equations (2.3) and
(2.4) have been introduced for the characterisation of w/o microemulsions in scCO2, which allow






Vwater − V CO2water + Vsurfactant
Vwater + Vsurfactant + VCO2
(2.6)
where nCO2water and V
CO2
water correspond to the water amount dissolved in the continuous scCO2
phase.
2.2.3 Enzymatic catalysis in microemulsions and microemulsion-based gels
As already stated in chapter 1, the use of enzymes in organic synthesis and in non-conventional
solvents has become an interesting alternative to conventional chemical methods [5, 6, 131].
One of the most intensively studied methods has been the technique of solubilising enzymes in
hydrated reverse micelles or water-in-oil microemulsions where they may retain their catalytic
ability. Consisting of small aqueous nanodroplets dispersed in a non-polar organic phase, mi-
croemulsions provide a water core where hydrophilic enzymes and reactants can be hosted, an
interface where surface-active enzymes can be anchored, and a non-polar organic phase where
hydrophobic substrates and products can be solubilised. Thus, microemulsions allow one to
overcome solubility limitations of both hydrophilic and hydrophobic reactants. Furthermore,
thermodynamic equilibrium in enzyme catalysed condensation and hydrolysis reactions can be
shifted since the water concentration in microemulsions can be controlled to some extent. Of
particular interest is the case of lipases (cf. section 2.3.3) since they display high stability and ac-
tivity in this medium and may catalyse biotechnologically interesting synthetic reactions involv-
ing fatty acids apart from their physiological function to hydrolyse triglycerides [132]. Reviews
concerning enzymatic reactions performed in microemulsions can be found in [5, 132, 133, 134]
Due to problems in product isolation and enzyme reuse in microemulsion systems, the use of
microemulsion-based organogels (MBGs) has attracted attention. MBGs are rigid and stable in
various non-polar organic solvents and may therefore be used for biotransformations in organic
media. The gel matrix formed by a gelling agent, such as gelatin, fully retains the surfactant,
water and enzyme components and can be handled as an immobilised biocatalyst that facilitates
the diffusion of non-polar substrates and products. The preparation of MBGs was first reported
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in 1986 [135, 136, 137]. Subsequent spectroscopic investigations [138, 139, 140] have shown that
the microemulsion structure is well preserved in the gels, which are believed to contain a more
or less networked bicontinuous structure stabilised by a surfactant layer that may co-exist with
conventional w/o microemulsion droplets.
Robinson et al. [7, 8] were able to demonstrate that gelatin-based MBGs containing enzymes
entrapped in an AOT microemulsion on the gel can be used as a new form of immobilised
enzyme. Subsequent studies showed that MBGs formulated with gelatin can be used for the
preparative-scale synthesis of miscellaneous esters and both regio- as well as stereoselectivity
has been observed [7, 8, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150]. Apart from gelatin,
biopolymers such as agar, k-carrageenan and cellulose have been reported to form MBGs as an
enzyme immobilisation matrix [151, 152, 153]. These gels overcome the restrictions to which the
gelatin-based gels are subject with regard to biocatalytic applications, as they provide good me-
chanical and thermal stability and show high resistance to hydrophilic environments. A further
approach to overcome the drawbacks of gelatin gels is to stabilise them by in situ polymerisation
of tetraethoxysilane [154].
2.2.4 Detergentless microemulsions
It is known that alcohols can solubilise substantial amounts of water and oil and thus form
isotropic solutions, which display a behaviour similar to that of microemulsions with regard to
conductivity, ultracentrifugation, and light scattering despite the fact that the solutions do not
contain surfactant [155, 156, 157, 158, 159, 160, 161]. In addition, these alcohol-based mixtures
reproduce the phase behaviour of classical microemulsions. By analogy with latter systems, the
ternary solutions, moreover, permit one to dissolve both hydrophobic and hydrophilic substances.
Due to their resemblance to microemulsions, Smith et al. [155] introduced the designation “de-
tergentless microemulsions” for these solutions. However, other authors prefer to refer to them
as (surfactantless) microemulsion-like systems in order to draw a clear dividing line between
them and conventional surfactant-based microemulsions [162].
Literature data concerning structure and microenvironment in surfactantless microemulsion-
like systems are quite scarce and inconsistent [163, 164]. Khmelnitsky et al. [164] presented
structural studies on a ternary system comprised of n-hexane, 2-propanol and water. Based
on results from analytical ultracentrifugation and time-resolved fluorescence experiments, they
concluded that the dispersed phase inside a limited area of the triangular phase diagram consists
of aqueous nanodroplets as in classic microemulsion systems. Zoumpanioti et al. [163] conducted
a fluorescence energy transfer study with Mucor miehei lipase and cis-parinaric acid as probes
in order to determine the structure of detergentless microemulsions formulated with n-hexane,
1-propanol, and water in presence of enzyme. Their data indicated that the internal structure
of the surfactant-free system differs from classical w/o microemulsions in the absence of well-
defined reverse micelles where addition of water induces a swelling of the reverse micellar cores
[163].
Just like conventional microemulsions, detergentless systems have been shown to serve as appro-
priate media for enzymatic catalysis in both oxidation and esterification reactions [165, 166, 167,
168]. Recently, Zoumpanioti et al. [165] reported on esterification reactions carried out in isooc-
tane by means of lipase-containing surfactantless microemulsions immobilised on cellulose-based


















Figure 2.6: Constitutional formulas of hybrid sulfate surfactants FmHn and hybrid sulfonate
surfactants φ-FmHn (FCm-HCn). F7H4: m = 7, n = 4. F7H7: m = 7, n = 7. F8H4: m = 8,
n = 4. F8H8: m = 8, n = 8. φ-F4H4, FC4-HC4: m = 4, n = 4. φ-F6H2, FC6-HC2: m = 6,
n = 2. φ-F6H4, FC6-HC4: m = 6, n = 4. φ-F6H6, FC6-HC6: m = 6, n = 6. φ-F6H8,
FC6-HC8: m = 6, n = 8. Nomenclature of sulfonate surfactants according to Eastoe et al.
(φ-FmHn) [185, 186] and according to Sagisaka et al. (FCm-HCn) [187, 188].
2.2.5 Surfactants for microemulsions in supercritical carbon dioxide
Preliminary studies by Consani and Smith [169] concerning the solubility of 130 common and
commercially available surface active agents showed that most conventional surfactants are insol-
uble in CO2. Among the tested surfactants, only a few nonionics exhibited reasonable solubility
in CO2. Based on the fact that fluorocarbons and carbon dioxide are compatible, Hoefling et
al. [170] designed the first effective surfactants for application in CO2. Subsequently, numerous
research efforts have been made in order to find CO2-philic surfactants in the last decade. Their
results have highly contributed to the understanding of the relationship between structure and
solubility in CO2 as illustrated in Table 2.2.
This section intents to give a survey of “small molecule surfactants” [171] which are capable
of stabilising water-in-carbon dioxide microemulsions. Polymeric amphiphile self-assembly in
carbon dioxide solutions, cf. e.g. [85, 172, 173, 174, 175, 176, 177], use of stabilising agents for
polymerisation reactions in CO2, cf. e.g. [178, 179], and water-in-carbon dioxide emulsions, cf.
e.g. [179, 180, 181, 182, 183, 184], are not taken into consideration.
A recent review concerning self assembly in (supercritical) carbon dioxide can be found in [22].
2.2.5.1 F7H7
The dichain hydrocarbon-fluorocarbon (hybrid) surfactant F7H7 is an amphiphile which allows
the formation of swollen reverse micelles with substantial water content in supercritical and near-
critical carbon dioxide. As can be seen from Figure 2.6, F7H7 is the sodium salt of the sulfate
monoester of the partially fluorinated alcohol 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7-pentadecafluoro-penta-





































Figure 2.7: General constitutional formula of PFPE-based surfactants (x+ y + z ≥ 4; variable
sequence of the repeating units) [192] and of ClPFPE-NH4 [193]. PFPE-NH4: R=COO- NH+4
[194]. PFPE-PO4: R=CH2–O–CH2–CH2–OPO(OH)2 [195, 196]. PFPE-TMAA: R=C(O)–
NH–CH2–N+(CH3)3 CH3COO− [197].
slightly more than its own weight (∼ 2%) of water in carbon dioxide (25 ◦C, 231 bar), which
corresponds to a water-to-surfactant ratio W corr0 of 32 and is 10 times the amount soluble in
pure compressed CO2 [13].
Eastoe et al. [189] conducted small-angle neutron-scattering (SANS) experiments on F7H7-based
microemulsions with a water-to-surfactant ratioW corr0 of 33 (3% (w/w) F7H7, 3.5% (w/w) D2O)
in liquid carbon dioxide (25 ◦C, 500 bar). They were able to detect globular microemulsion
droplets with an average core radius of 2.5 nm.
However, a major drawback for the usage of F7H7 is that the ester bond in the molecule is
sensitive to hydrolysis due to the electron-withdrawing effect of the perfluorinated tail [13, 190].
Recently, Eastoe and colleagues [185, 186] extended their previous work on F7H7 by investigating
the influence of variations in the chain length of fluorocarbon and/or hydrocarbon tail on the
surfactant’s ability to stabilise w/c microemulsion. They found that the equal chain compounds,
F7H7 and F8H8, are more efficient than the asymmetric chain analogues such as F7H4 and F8H4.
Recently, Sagisaka and colleagues [187, 188] and Eastoe et al. [185, 186] reported on sulfonate hy-
brid surfactants (sodium 1-oxo-1-[4-(perfluoroalkyl)phenyl]-2-alkanesulfonates, φ-FmHn, FCm-
HCn) to form microemulsions in scCO2. In contrast to F7H7, these hydrocarbon-fluorocarbon
amphiphiles have been shown to be highly resistant to hydrolysis [191].
2.2.5.2 Perfluoropolyether surfactants
Microemulsions or micellar solutions based on perfluoropolyether (PFPE) surfactants are the
most often investigated micellar systems in scCO2. Among the systems studied, anionic PFPE
amphiphiles, which are predominantly ammonium carboxylates (PFPE-NH4) are of particular
importance, cf. for example [16, 17, 194, 198, 199, 200]. However, cationic PFPE, surfactants
such as perfluoropolyether trimethylammonium acetate (PFPE-TMAA) have also been under
investigation [197]. Furthermore, it has been shown that perfluoropolyether phosphates (PFPE-
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PO4; cf. section 2.2.5.3.1) [195, 196] and incompletely fluorinated derivates such as ClPFPE-NH4
[201, 202] can be applied for the formation of microemulsions in scCO2. Figure 2.7 gives an
overall view on the constitutional formulas of the surfactants mentioned before.
Johnston et al. [16, 17] conducted Fourier-transform infrared (FTIR) spectroscopic experiments
with PFPE-NH4-based microemulsions in scCO2, which showed that the water within the mi-
cellar core resembles bulk water. The bulk-like properties of the core water were confirmed by
solvatochromic studies with methyl orange as probe. Moreover, Johnston et al. could demon-
strate that hydrophilic proteins with high molecular weight such as bovine serum albumine and
ionic compounds such as potassium permanganate or sodium dichromate can be dissolved in
these microemulsions in scCO2.
Further evidence for stable PFPE-NH4-based micellar solutions with bulk-like water in carbon
dioxide was provided by electron paramagnetic resonance (EPR) studies [194] and by small-angle
neutron scattering (SANS) experiments [199] with deuterium oxide. The latter measurements
revealed growing droplet core radii between 2.0 nm and 3.6 nm as the D2O concentration in-
creased from 0.8% to 2.0% (w/w) at a constant PFPE-NH4 concentration of 2.1% (w/w) in
scCO2 (35 ◦C, 192 bar ≤ p ≤ 287 bar). More recently, Fremgen et al. [198] used nuclear mag-
netic resonance (NMR; 1H and 19F) and rotating frame-imaging NMR spectroscopy in order to
observe spontaneous micelle formation in w/c microemulsions with PFPE-NH4 as surface-active
agent.
Droplet interactions in PFPE w/c microemulsions were investigated by both SANS [203] as
well as conductivity [201, 204] studies. The results from neutron scattering exhibited that the
respective attractive forces increase with decreasing pressure at constant temperature and with
increasing temperature at constant pressure, respectively. This finding is consistent with cloud
point measurements [194]. In the case of the conductance measurements, dynamic percolation
[205, 206, 207] was identified at high volume fractions φ of the dispersed phase. Again, tem-
perature and pressure dependence of the percolation thresholds exactly reflect the variation of
attractive interdroplet interactions with both state variables. Furthermore, it could be shown
that charge fluctuation models [208, 209, 210, 211] permit the calculation of droplet and core
radii from conductivity measurements which are in good agreement to respective values obtained
from SANS measurements [201].
As results from solvatochromic investigations [16, 17, 212] indicated that the pH within the
dispersed aqueous phase drops to values of approx. 3 due to the formation of carbonic acid,
Holmes et al. [78] inspected the applicability of several inorganic and/or organic buffers such as
2-(N-Morpholino)ethanesulfonic acid sodium salt (MES) for pH buffering within the water core
of the microemulsion droplets. They were able to show that an increase in pH from approx.
3 to 5–7 can be achieved by admixture of suitable buffering agents. They also determined
the influence of temperature, pressure, buffer type, buffer concentration, and ionic strength on
the phase behaviour of the micellar system upon the addition of buffer. They found that the
pressure-temperature phase boundaries for PFPE-NH4-based w/c microemulsions are affected
by the presence of buffer, as they are shifted to lower pressures and higher temperatures. This
was explained by an increase of the rigidity of the interfacial region as a result of a closer packing
of the polar surfactant headgroups because of an increased salinity of the dispersed phase.
Loeker et al. [202] screened PFPE-NH4 surfactants of differing chain lengths but similar structure
by means of in situ FTIR spectroscopy in order to study potential effects on their capability
to form microemulsions in scCO2. Among the systems studied, the ammonium carboxylate of
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the PFPE acid Krytox FSL R© with an average molecular weight of 2500 g mol−1 was the most
efficient as indicated by the highest achieved water uptake. As both shorter and longer PFPE-
NH4 molecules were found to be less efficient, this was explained by the mentioned surfactant
representing the best balance between hydro- and CO2-philicity of all tested surfactants. Kinetic
studies on the time dependence of the water uptake into the reverse micelles revealed, moreover,
that a state of equilibrium is reached after about 24 h.
Kane et al. [21] were the first to conduct an enzymatic reaction within the water core of swollen
reverse micelles stabilised by PFPE-NH4 in supercritical carbon dioxide (35 ◦C, 100 bar ≤ p ≤
260 bar). They used cholesterol oxidase from Pseudomonas fluorescens for the oxidation of
cholesterol to 4-cholesten-3-one in presence of catalase from Aspergillus niger which was added
in order to destroy hydrogen peroxide created within the course of the oxidation reaction. The
UV/vis-monitored reaction allowed the study of the effects of several process parameters such as
water content, pressure, pH and incubation time. Another enzymatic reaction in PFPE-based
microemulsions was reported by Irvin and John [20], who showed that horseradish peroxidase
type II is capable of catalysing the polymerisation of p-cresol in a micellar system in liquid CO2.
As surfactant they used a mixture of PFPE-NH4 and the corresponding free acid.
Although bioassays are indicative of a possible toxic effect of PFPE surfactants [213], many
potential applications such as synthesis of metallic and semiconductor nanoparticles [18, 195,
196, 214], extraction of metals [215], and supercritical fluid dyeing [54, 216] have been the subject
of investigation. Moreover, PFPE-based microemulsions in scCO2 were shown to be novel media
for both organic and inorganic reactions by Johnston et al. [17, 217, 218].
Recently, Lee et al. [219] demonstrated that perfluoropolyether surfactants are also capable of
stabilising CO2-in-water (c/w) microemulsions, which allow for the simultaneous solubilisation
of certain fluorophilic, lipophilic molecules in the carbon dioxide nanodroplets and of hydrophilic
substances in the dispersive water pseudophase. These systems could provide new opportunities
in reaction, separation, and materials formation processes with carbon dioxide and water as
solvents.
2.2.5.3 AOT and its derivates
AOT (sodium bis(2-ethylhexyl)-sulfosuccinate) and its analogues represent a group of surfactants
which have given valuable insight into the design of CO2-philic amphiphiles. Figure 2.8 gives an
overview on the constitutional formulas of AOT and its derivates which have been the subject
of investigation regarding both solubility in CO2 and capability to stabilise w/c microemulsions.
2.2.5.3.1 AOT
The surfactant AOT (sodium bis(2-ethylhexyl)-sulfosuccinate) is an amphiphile which is com-
monly used for the preparation of microemulsions in organic solvents. Furthermore, AOT can
be successfully applied for the same purpose in compressed alkanes [221].
Fulton et al. [222] were able to show that reverse micelles and microemulsions can be formed with
AOT in supercritical ethane and propane. The systems studied consisted of 80-100% alkane by
weight and showed a strongly pressure-dependent phase and solubility behaviour. In particular,
the molar water-to-surfactant ratioW0 and thus the water content could be enhanced by increase
of pressure. Further studies by Smith et al. [223, 224] reported on density, conductivity and
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Figure 2.8: Constitutional formulas of AOT and its derivates. di-HCF2: x = 1, y = 2, R = H.
di-HCF4: x = 1, y = 4, R = H. di-HCF6: x = 1, y = 6, R = H. di-CF2: x = 1, y = 2, R = F.
di-CF3: x = 1, y = 3, R = F. di-CF4: x = 1, y = 4, R = F. di-CF6: x = 1, y = 6, R = F.
di-CF8: x = 1, y = 8, R = F. di-CF4H: x = 2, y = 4, R = F. di-CF6H: x = 2, y = 6, R = F.
di-CF8H, 8FS(EO)2: x = 2, y = 8, R = F. Nomenclature of fluorinated surfactants according
to [220] apart from 8FS(EO)2 and 8FS(EO)4 [187].
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alkanes and noble gases. Ihara et al. [225] showed that AOT-based microemulsions in compressed
n-pentane (50 ◦C, 50 atm) can be applied for the extraction of water-soluble vitamins from
pharmaceutical preparations.
In contrast, AOT is not appropriate for the preparation of reverse micelles or microemulsions
in liquid or supercritical carbon dioxide without an additional cosolvent or cosurfactant, as it is
practically insoluble in carbon dioxide and exists in solution as a white waxy solid up to high
pressures (25 ◦C to 100 ◦C, 400 bar) [13, 221]. Franco et al. [226] estimated the solubility of AOT
in scCO2 at less than 10−5M (39 ◦C to 41 ◦C, 160 bar), while K. Jackson and J. L. Fulton [227]
demonstrated that the dielectric constant in the visible spectral range, vis, of the investigated
supercritical and near-critical solvents has to be greater than 1.61 in order to dissolve 10%
(v/v) AOT at 25 ◦C. Accordingly, AOT cannot be solubilised in pure carbon dioxide due to
the dielectric properties of this solvent. Yet, their study indicated that a possible strategy to
dissolve AOT in scCO2 was to add a cosolvent in order to raise the dielectric constant.
It was first shown by Ihara et al. [225] that AOT is indeed soluble in scCO2 by addition of
methanol or ethanol as modifier. Finally Hutton et al. [228, 229] demonstrated that reverse mi-
cellar solutions can be formed by addition of ethanol or n-pentanol in scCO2 (175 bar to 250 bar;
40 ◦C to 70 ◦C). They conducted solvatochromic experiments with riboflavin as probe, which
indicated that the microemulsion droplets contain a polar core with a dielectric constant of ap-
prox. 20. Consequently, they were not able to dissolve highly ionic compounds within the core of
the swollen reverse micelles. An alternative possibility for the generation of w/c microemulsions
with AOT in scCO2 is the application of a cosurfactant, which was shown by Ji et al. [195] and
Ohde et al. [196]. Both work groups used a perfluoropolyether phosphate as cosurfactant (cf.
2.2.5.2) for the synthesis of nanoparticles within microemulsions in scCO2. Moreover, Liu et
al. [230] reported on the use of 2,2,3,3,4,4,5,5-octafluoro-1-pentanol as cosurfactant in order to
formulate AOT-based w/c microemulsions in scCO2.
2.2.5.3.2 di-HCF4 and other fluorinated AOT derivates
In contrast to AOT, its fluorinated derivates have proven to be efficient surfactants which require
neither additional cosolvents nor cosurfactants for the formation of microemulsions in near-
critical and supercritical CO2. Among them, sodium bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl)-2-
sulfosuccinate (di-HCF4) is the arguably best-known surface-active agent.
Hoefling et al. [170] were the first to report on the good solubility of AOT derivates with two
fluorinated alkyl tails. They could also show that the presence of this kind of surfactants permits
the extraction of thymol blue from water with scCO2.
First evidence for the existence of w/c microemulsions stabilised by 0.1mol L−1 di-HCF4 was
obtained by SANS measurements conducted by Eastoe et al. [231] in liquid carbon dioxide at a
temperature of 15 ◦C and at pressures above 400 bar. The authors detected globular nanodrop-
lets with core radii between 1.2 nm (W0 = 5) and 3.7 nm (W0 = 30) depending linearly on the
molar water-to-surfactant ratio W0.
Holmes et al. [19] reported on two enzymatic reactions conducted in di-HCF4-based microemul-
sions (30mM di-HCF4, W0 = 10) in compressed CO2 at 20 ◦C and 450 bar: the hydrolysis of
p-nitrophenyl butyrate catalysed by Chromobacterium viscosum lipase and the peroxidation of
linoleic acid catalysed by soybean lipoxygenase. In order to improve the inherent condition of
low pH in the water droplets upon pressurising with CO2, the authors also examined several
buffer substances for their potential application in w/c microemulsions. Among the buffering
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agents tested, 2-(N-morpholino)ethanesulfonic acid sodium salt (MES) proved to be the most
efficient in order to stabilise the pH in the range from 5–6 depending on buffer concentration,
pressure, and temperature.
Subsequent investigations by J. Eastoe, D. C. Steytler, and colleagues [75, 220, 232, 233, 234]
were concerned with structure-performance relationships of AOT analogues with varying chain
lengths and fluorination degrees in CO2. They could show that microemulsion stability and the
efficiency of the tested surfactants as determined by cloud point/phase transition measurements
are strongly influenced by subtle variations in the surfactant’s molecular structure such as addi-
tion of extra methylene groups or replacement of the terminal CF3– for HCF2– groups. As can
be seen from Table 2.4, their results indicate that di-CF4, di-CF4H and di-CF6, which exhibit
the lowest phase boundaries, are the most efficient AOT analogues and thus display the highest
compatibility with CO2. Among them, di-CF4 seems to have the optimum chain length, which
is also reflected in the results for di-CF4H and di-CF6H, with the longer compound requiring
higher pressures. In addition, HCF2-terminated surfactants, which exhibit a large dipole mo-
ment due to the substitution of fluorine by hydrogen, were found to be generally less efficient
than those with CF3-tips. Furthermore, the authors could demonstrate that the aqueous phase
limiting surface tensions at the critical micelle concentration, γcmc, of the surfactants can be
(linearly) correlated with the respective observed phase transition pressures ptrans: The lower
the surfactant’s surface tension γcmc is, the less pressure is required for the formation of stable
microemulsions in CO2, while surface active agents with two high surface tension such as AOT
are even completely insoluble. Eastoe and coworkers pointed out that this finding might help
to screen potential CO2-philic surfactants by simple surface tension measurements in aqueous
phase.
Erkey et al. [235, 236]1 used small-angle X-ray scattering (SANS) and cloud point measurements
to characterise w/c microemulsions of di-HCF4 in scCO2 for W0 values between 0 and 20 at
temperatures up to 55 ◦C and at pressures up to 350 bar. In summary, their results showed good
agreement in phase behaviour and droplet size with previously published results [75, 220, 231,
233, 234].
In a recent study, Park et al. [237] investigated the influence of organic solvents such as acetoni-
trile and acetone on the phase behaviour of di-HCF4-based microemulsions in scCO2.
Sagisaka et al. [187, 188, 238] gave details on further studies concerning structure-performance re-
lationships of the fluorinated AOT analogues di-HCF4, di-HCF6, diHCF8, 8FS(EO)2 (di-CF8H),
and sodium bis((1H,1H,2H,2H-heptadecafluorodecyl)-oxyethylene)-2-sulfosuccinate (8FS(EO)4).
Among them, 8FS(EO)2 was shown to have the highest microemulsion-forming potential despite
its poor solubility in dry scCO2. The reachedW corr0 value of approx. 32 for this surfactant is one
of the highest values ever reported for w/c microemulsions. From comparisons with Krafft point
and surface tension measurements in aqueous phases, the authors deduced that, apart from the
limiting surface tension at the critical micelle concentration γcmc, the Krafft point temperature
might be a further important parameter to be considered when predicting the ability of surfac-
tants to stabilise microemulsions in scCO2, since the most efficient surfactants were found to
exhibit the highest Krafft temperatures.
1It should be noted that Erkey and colleagues use a different nomenclature for the homologous series of fluorinated
AOT derivates in comparison to Eastoe et al. and Sagisaka et al. Data sets cannot be directly compared as
there might be subtle differences in the chain-tip structures of the surfactants. In the present work, the
nomenclature according to Eastoe et al. was adopted.
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Table 2.4: Limiting air-water surface tensions at the critical micelle concentration,
γcmc/mN m−1, of various fluorinated AOT-derivates and their cloud point/phase transition
pressures ptrans at 25 ◦C in liquid CO2. Surfactant concentration: 0.05mol L−1. Molar water-
to-surfactant ratio: W0 = 10. For constitutional formulas of the respective surfactants cf.
Figure 2.8. Adapted with permission from [220]. Copyright 2002 American Chemical Society.
γcmc of AOT according to [234].
Surfactant γcmc/mNm−1 ptrans/bar
AOT 30.8 a - d
di-HCF2 - - d
di-HCF4 26.8 a 193
di-HCF6 24.1 c 164
di-CF2 - - d
di-CF3 17.8 a 124
di-CF4 17.7 b 70
di-CF6 15.5 c 77
di-CF8 - - d
di-CF4H 22.0 a 89
di-CF6H 25.8 c 139
Temperatures for tension measurements: a 25 ◦C,
b 30 ◦C, c 40 ◦C. d No stable microemulsions observed.
2.2.5.3.3 Non-fluorinated AOT derivates
Apart from fluorinated AOT analogues, highly-methyl branched compounds such as sodium
bis(2,4,4-trimethyl-1-pentyl)-2-sulfosuccinate and sodium bis(2,4,4-trimethyl-1-hexyl)-2-sulfosuc-
cinate have been reported to be soluble in scCO2 (33 ◦C, 250 bar) by Eastoe et al. [239]. The
authors could further demonstrate that dry micellar solutions in scCO2 (33 ◦C, 500 bar) with
an overall surfactant concentration of 0.15mol L−1 can be formed. The respective core radii
as determined by SANS measurements were found to be between 1.4 nm and 2.0 nm. Besides,
Eastoe and colleagues showed that sodium bis(2,4,4-trimethyl-1-hexyl)-2-sulfosuccinate allows
dissolving of the highly polar dye dimidium bromide in scCO2 (40 ◦C, 500 bar), while no dye
uptake was observed in pure CO2 or in presence of AOT.
Interestingly, both surfactants exhibit limiting air-water surface tensions at the critical micelle
concentration, γcmc, of 27mNm−1 and 28mNm−1, respectively. By analogy to the fluorinated
AOT derivates, these values are again below the value measured for AOT confirming the find-
ing that the surface tensions can be used as a guideline for solubility of surfactants and for
microemulsion stabilities in scCO2 (cf. Table 2.4 and section 2.2.5.3.2).
2.2.5.4 Anionic phosphate fluorosurfactants
Steytler et al. [240] were the first to test anionic phosphate fluorosurfactants for their ability to
















Figure 2.9: Constitutional formula of the surfactant Ls-54.
di-HCF4 and di-HCF6 (cf. section 2.2.5.3.2 and Figure 2.8), i.e. phosphate diesters of the same
two fluorinated alcohols as in the respective succinates. Both surfactants, named di-HCF4-
P and di-HCF6-P in accord to the previous nomenclature adopted for fluorosuccinates, were
shown to stabilise w/c microemulsions. By analogy to their related AOT derivates, the longer
chain di-HCF6-P was found to be more efficient with respect to microemulsion phase transition
pressure.
Keiper and colleagues [241, 242] extended this work by synthesising fluorocarbon-hydrocarbon
hybrid chain phosphates.
Recently, Xu et al. [243] reported on NMR and SANS studies on w/c microemulsions formed by
phosphorous fluorosurfactants with structures similar to those phosphate amphiphiles used by
Steytler et al. [240].
2.2.5.5 Nonionic surfactants
Besides ionic surfactants, nonionic surface active agents can also be used for the formation of
reverse micellar solutions in scCO2.
This was first shown by McFann and colleagues [86]. They applied solvatochromic probe and
FTIR spectroscopy measurements in order to investigate the properties of micellar aggregates
formed by pentaethylene glycol n-octyl ether (C8E5) with n-pentanol as cosolvent. The authors
reached W corr0 values of 12, but their further results showed that the micellar aggregates are
rather small with a quite non-polar interior environment.
Recently, Liu et al. reported on two different non-fluorous surfactants, which were both shown to
form microemulsions in scCO2. One of them is the acetylenic glycol-based nonionic surfactant
Dynol 604 from Air Products and Chemicals. The other one is the likewise nonionic surfactant
(Dehypon) Ls-54, the constitutional formula of which is shown in Figure 2.9.
Concerning both surface active-agents Liu and coworkers conducted small-angle X-ray scatter-
ing experiments in addition to phase behaviour and solvatochromic studies [244, 245, 246, 247].
Their results proved the existence of water domains in both Dynol 604- and Ls-54-based scCO2
microemulsions capable of dissolving both biomacromolecules such as lysozyme and methyl or-
ange. Ls-54 SAXS data consistent with spherical micelles allowed the determination of reverse
micelle radii between 2.04 nm and 2.52 nm depending on pressure and the achieved molar water-
to-surfactant ratios W corr0 between 2.0 and 8.0 [247]. The respective radii for Dynol 604 were
estimated to be in the range of 7.4 nm to 7.8 nm at different pressures and water loadings [246].
In a continuative study on Ls-54, Liu et al. could, moreover, demonstrate that short-chain alco-
hols as cosurfactants can significantly reduce cloud point pressures [248]. In addition, Matthew
and Becnel [249] measured diffusion coefficients of methyl orange dissolved in Ls-54-based mi-
cellar systems in CO2.
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Besides, two derivates of Ls-54, Ls-36 and Ls-45, were shown to stabilise microemulsions in
scCO2 by Liu et al. [250].
Recently, Sawada et al. [251] reported on w/c microemulsions formulated with nonionic poly-
ethyleneglycol dialkylglycerol surfactants such as 2-(2-ethylhexyl)-1-octylglycerol ether.
2.3 Enzymes
Reactions in biological systems are mostly catalysed by specialised enzymes. Catalysis by these
biocatalysts is necessary as non-catalysed chemical reactions are by far too slow to be effective
under the conditions prevalent in most living cells – aqueous environments with neutral pH
values and temperatures between 20 ◦C and 40 ◦C. Enzymes are characterised by an outstanding
catalytic activity and specificity with regard to their substrates. Furthermore, enzymes display
high regio- and enantioselectivity. As they easily outperform artificial catalysts in this respect,
they have attracted much attention in pharmacy and agricultural chemistry, where the need for
enantiomeric pure and specifically functionalised compounds is continuously growing.
2.3.1 Protein structure of enzymes
Apart from ribozymes, which are ribonucleic acid (RNA) molecules with catalytic functions in
RNA processing, all enzymes are (modified) proteins which consist of one or more polypeptide
chains called subunits. Biocatalysts made up of two or more subunits are termed oligomeric
enzymes.
As the chemical and thus the catalytic potential of amino acid side chains is limited, many
enzymes contain additional inorganic and/or organic compounds/groups, usually called cofac-
tors, which provide further chemical and reactive properties and participate in the catalytic
process. Therefore, so-called metalloenzymes comprise metal atoms or ions which represent effi-
cient electron acceptors and donors in oxidation-reduction reactions. Besides metal ions, organic
molecules which are referred to as coenzymes serve as cofactors. Some coenzymes are bound in
an association/dissociation equilibrium to the enzymes, while others are covalently attached to
the enzyme. In the latter case, the coenzymes are sometimes called prosthetic groups. They
usually undergo cyclic reactions during the reaction course, but return to their initial state at
the end of the catalytic process. In contrast, some non-covalently bound coenzymes are not
regenerated during the reaction course and require separate reactions in order to revert to their
initial state when not attached to the enzyme. As they resemble normal substrates, they can
also be regarded as cosubstrates.
In summary, protein structure (of enzymes) can generally be classified into four structural levels
[252, 253]: The so-called primary structure relates to the sequence of amino acids in a polypeptide
chain with reference to the locations of disulfide bonds between cysteine side chains. It describes
the complete covalent backbone in a polypeptide chain or protein and thus determines the higher
structural elements as a result of the amino acid sequence. The secondary structure specifies
the ordered arrangement of amino acids in localised regions of peptide chains. The two most
common secondary structure segments are the right-handed α-helix and the β-pleated sheet.
As a consequence of the localised definition of the secondary structure, a single polypeptide
generally contains multiple secondary structural elements. The three-dimensional arrangement
of all atoms in a peptide chain is referred to as ternary structure. For a monomeric protein
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Table 2.5: Selection of some enzymatic reactions in scCO2 catalysed by either free or immo-
bilised enzymes.
Catalysed reaction Enzyme Ref.
Hydrolysis of p-nitrophenyl phosphate alkaline phosphatase a [15]
Transester. of methyl methacrylate by 2-ethylhexanol Candida cylindracea lipase a [80]
Oxidation of p-cresol and p-chlorophenol polyphenol oxidase b [254]
Transester. between triolein and stearic acid Rhizopus delemar lipase a [255]
Transester. between triolein and stearic acid various lipases c [256]
Oxidation of cholesterol cholesterol oxidases b [257]
Transester. of a N-acetyl-(L)-phenylalanine ester subtilisin Carlsberg a [258]
Esterification of oleic acid by ethanol Lipozyme R© d [259]
Esterification of myristic acid by ethanol Lipozyme R© d [260]
Esterification of oleic acid and rac-citronellol Candida cylindracea lipase b [261]
Enantioselective esterifcation of rac-ibuprofen Lipozyme R© IM 20 d [262]
Acylation of glucose by lauric acid Candida rugosa lipase a [263]
Transester. between triolein and behenic acid Lipozyme R© IM d [264]
Reduction of aromatic and cyclic ketones alcohol deyhdrogenase e [265]
Esterification of myristic acid by ethanol crude hog pancreas lipase a [266]
Esterification of isoamyl alcohol crude hog pancreas lipase a [267]
a free enzyme. b immobilised on glass beads (adsorptive and/or covalent). c adsorptive immobilised on Celite
and Duolite. d Mucor miehei lipase immobilised on macroporous anionic resin beads. e immobilised resting
cells of Geotrichum candidum.
consisting of a single polypeptide molecule, the ternary structure represents the highest struc-
tural level that is attained. Apart from non-covalent interactions, ionic and hydrogen bonds,
disulfide bridges as mentioned before play a substantial role in the maintenance of the ternary
structure. Finally, the quaternary structure characterises oligomeric proteins that consist of
multiple subunits which are generally non-covalently linked.
The four levels of protein structure at large determine the characteristic shape of proteins, which
is usually referred to as conformation. Depending on the environment, proteins and thus enzymes
may exist in two or more different conformations. Conformational reshaping can be attributed
to changes in the secondary, ternary and/or quaternary structure due to varied interaction forces
as a result of environmental properties such as ionic strength, temperature and absence/presence
of interfaces (cf. section 2.3.3).
2.3.2 Enzymatic reactions in supercritical carbon dioxide
Although Bourquelot and Bridel already reported on an enzymatic reaction in a non-aqueous
solvent at the beginning of the last century [5, 268], it was not until the mid seventies that
solvent systems apart from exclusively water have become the subject of extensive research
[5, 6, 269, 270, 271, 272, 273, 274, 275]. In the period following, supercritical fluids have also
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Figure 2.10: Schematic illustration of the interfacial activation of lipases [64].
been taken into consideration due to their solvation behaviour. Among them, special atten-
tion has been paid to scCO2 because of its environmental compatibility and its low critical
temperature of approx. 31 ◦C, which renders carbon dioxide an ideal solvent for heat-sensitive
biocatalytic conversions. Consequently, enzymatic reactions in scCO2 have been under inves-
tigation since 1985, when Randolph et al. were the first to conduct an enzymatic reaction in
scCO2 using alkaline phosphatase [15]. Apart from three reported reactions in microemulsions
formulated with special CO2-philic surfactants [19, 20, 21], the studies on biocatalysis in scCO2
were predominantly performed with free (solid) or immobilised enzymes. The latter enzymes
provide the advantage that they can be easily recovered and reused for further catalytic reac-
tions in contrast to free enzymes. Table 2.5 gives a compilation of some investigated enzymatic
reactions in scCO2. Reviews about further systems studied are given by Perrut [12], Hartmann
et al. [276] and Oakes et al. [14].
Of particular interest are the oxidation reactions as reported by Hammond et al. [254] and
Randolph et al. [257], since they avail themselves of the fact that gases such as oxygen are com-
pletely miscible with supercritical fluids due to the partially gas-like character of SCFs. While
oxygen displays very limited solubilities in organic and aqueous solvents [277], its concentration
in scCO2 can be continuously adjusted. Therefore, scCO2 is a promising solvent for the oxidation
of steroids, unsaturated fatty acids and other non-polar reductants.
As can be seen from Table 2.5, lipases have been most commonly used for studies on enzyme
reactions in scCO2. This is based on several advantages that lipases offer in comparison to other
enzymes (cf. section 2.3.3). This work also reports on catalytic reactions in scCO2 with lipases
as enzymes.
2.3.3 Lipases and their interfacial activation
Lipases (acylglycerol acylhydrolases, EC 3.1.1.3) [278, 279, 280, 281] belong to the enzyme class
of (serine) hydrolases. They are ubiquitous enzymes that catalyse the hydrolysis of triglycerides
of higher fatty acids. However, their catalytic activity is not restricted to this type of substrates.
Most lipases display a wide substrate spectrum and have the ability to reversibly hydrolyse var-
ious esters. Apart from their hydrolytic activity, they generally catalyse acyl transfer reactions,
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where esters serve as acyl donors for the acylation of acyl acceptors such as alcohols, thiols and
water (in the case of hydrolysis). Their pH optimum is generally between 5 and 9. Lipases
differ from classic esterases in that their natural substrates are insoluble in water. Furthermore,
esterases are just active in homogeneous aqueous phase, while lipases display maximal activity
only at the water/oil interface.
The latter phenomenon is known as interfacial activation of lipases [282, 283, 284], which is based
on (at least) two different conformational structures. The active site, which is also referred to as
catalytic triad [285, 286], is located in a lipophilic region of the lipase. In aqueous environments,
the triad is buried in the interior of the enzyme and covered by a hydrophilic lid-like structural
element in order to avoid direct contact between the hydrophobic region and water. Accordingly,
the lipase is inactive or displays just (very) low activity in this state. Furthermore, there is a
structure in which the active site is exposed permitting the substrates to gain access to the
catalytic region. The conformational change is induced by an oil/water or lipid/water interface,
which initiates the structural rearrangement such as the movement of the lid in order to reveal
the hydrophobic part. In a few cases, there is evidence for both the closed and the open form
from X-ray investigations on crystal structures [287, 288, 289, 290, 284]. Figure 2.10 gives a
schematic illustration of the interfacial activation.
Lipases are the most often applied biocatalysts in biotechnology and organic chemistry [5, 281,
291, 292, 293, 294]. This is not only based on their high chemo-, regio- and stereoselectivity,
but also on their interfacial activation, because of which lipases represent a class of enzymes
that is particularly suitable for the application in non-aqueous solvents including scCO2 and in
heterogeneous catalysis. Besides, they provide easy-to-study reactions as they usually do not
require cofactors and as side reactions occur just exceptionally. In addition, lipases are readily
available in large quantities since they are ubiquitous and can be isolated in high yields from
microbial organisms such as fungi and bacteria. Finally, their use shows high commercial promise
as many potential applications in the field of drugs, cosmetics and flavours exist.
2.3.4 Kinetics of unireactant enzymes
Enzyme kinetics is concerned with the factors that affect the rates of enzyme-catalysed reactions.
The most important factors are pH, ionic strength and temperature apart from enzyme and
ligand (substrates, products, inhibitors, and activators) concentrations. Their analysis allows not
only the determination of the optimum conditions for catalysis, but can also give deeper insight
into molecular mechanisms and into regulation processes in living cells. This section intents
to give a short introduction on basic principles of enzyme kinetics illustrated by enzymatic
reactions with only one substrate and product. The presentation is largely based on Refs.
[252, 295, 296, 297, 298, 299] as sources of literature.
2.3.4.1 Michaelis-Menten Equation








The enzyme E and the substrate A react together to form the enzyme-substrate complex EA,
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which can irreversibly react to the product P and thus release the enzyme E or dissociate back
to E and A.




= −k1[A][E] + k−1[EA] (2.7)
d[E]
dt
= −k1[A][E] + (k−1 + k2) [EA] (2.8)
d[EA]
dt
= k1[A][E]− (k−1 + k2) [EA] (2.9)
d[P]
dt
= k2[EA] = v (2.10)
v is the reaction velocity and ki is the rate constant of the i-th partial reaction.
Provided that the overall reaction rate is limited by the breakdown of the EA complex to form
the free enzyme and the product (k1 ≈ k−1  k2) and that the reaction velocity is measured
during the early stages of the reaction, the system is in a so-called steady-state balance. In
this state the enzyme-substrate complex forms at the same rate at which it decomposes and the







The total enzyme concentration [E]0 can be expressed by:
[E]0 = [E] + [EA] (2.12)
Thus, [EA] can be written as:
[EA] =
k1[A][E]0
k1[A] + k−1 + k2
(2.13)
















vmax = k2[E]0 (2.16)



















This results in the following differential equation system:
d[E]
dt
= (k−1 + k2) [EA]− (k1[A] + k−2[P]) [E] (2.18)
d[A]
dt
= (k−1 + k2) [EA]− k1[A][E] (2.19)
d[EA]
dt
= − (k−1 + k2) [EA] + (k1[A] + k−2[P]) [E] (2.20)
d[P]
dt
= k2[EA]− k−2[E][P] = v (2.21)
Finally, the following equation can be derived for the reaction rate by means of the steady-state
approach and Equation (2.12):


















vfmax = k2[E]0 (2.25)
vrmax = k−1[E]0 (2.26)
KAm and K
P
m are the Michaelis-Menten constants for the respective compounds. vf and vr are
the reaction velocities in the forward and the reverse direction, respectively, while vfmax and v
r
max
refer to the corresponding maximum reaction rates.
In the absence of product P ([P] = 0) or of substrate A ([A] = 0), the separated Michaelis-Menten












comp. non-comp. uncomp. comp. non-comp. uncomp.
product inh. mixed-type pure substrate inh. mixed pure
k6=0 k6 6=0
Kiu→∞ Kic→∞ k2=k6 Kic→∞
I= P Kic 6=Kiu
Kic=Kiu I = A
Kic 6=Kiu
Kic=Kiu
Figure 2.11: General survey of the most important types of reversible enzyme inhibition.
comp.: competitive. non-comp.: non-competitive. uncomp.: uncompetitive. inh.: inhibition.
Adapted with permission from [298]. Copyright 1994 VCH Verlagsgesellschaft.
2.3.4.3 Reversible enzyme inhibition
The term inhibition refers to the specific binding of ligands to defined (catalytic or regulatory)
sites of enzymes which results in a reduction of the enzyme activity. The respective ligands
are called inhibitors. Although other factors such as pH, temperature, ionic strength and sol-
vent polarity can also inhibit enzyme activity, the resulting effects on reaction velocity are not
embraced by the term “enzyme inhibition”, as they are induced by non-specific impacts on the
enzyme. Some inhibitors bind very strongly to the enzyme so that they are no longer removable
from the binding site. The respective type of inhibition is characterised as irreversible, whereas
a decrease in the reaction rate caused by detachable and/or displaceable ligands is referred to as
reversible inhibition. Another distinction is drawn between complete and partial inhibition. In
the latter case, the enzyme maintains an inhibitor-affected catalytic activity even after binding
of the ligand, while in the case of the complete inhibition the enzyme-inhibitor complex does not
display catalytic activity, which means that k6 = 0 in Figure 2.11 and in Equation (2.33). Thus,
complete inhibition is often referred to as dead-end inhibition, as enzyme-substrate complexes
with bound inhibitor do not break down to form product.
2.3.4.3.1 General rate equation
The following scheme displays an enzymatic reaction scheme with partial non-competitive inhi-





















































vmax = k2[E]0 (2.32)
vimax = k6[E]0 (2.33)
Although the presented case of a partial non-competitive inhibition does not occur frequently
[298], it provides a general rate equation – Equation (2.31) – for deriving the respective equations
for the most important inhibitions types as depicted in Figure 2.11. The remainder of this section
focuses on three types of complete reversible enzyme inhibition: competitive, non-competitive,
and uncompetitive
2.3.4.3.2 Competitive inhibition
In the case of competitive inhibition the inhibitor I combines with the free enzyme E in a
manner that substrate binding is prevented as inhibitor and substrate are mutually exclusive.
This can often be attributed to a true competition for the same enzyme site. Apart from reaction
products, nonmetabolisable analogues or derivates of the true substrate and alternate substrates
for the enzyme might act as competitive inhibitors.












Consequently, the equation for the reaction velocity can be derived from Equation (2.31) by










An uncompetitive inhibitor is a ligand that binds reversibly to the enzyme substrate complex
yielding an inactive EAI complex. Thus, the coordination site for the inhibitor is created by the
interaction of substrate and enzyme in the EA complex. Complete uncompetitive inhibition is











By analogy with the competitive inhibition the rate equation can be obtained from Equation









The scheme above shows that the maximal reaction rate vmax cannot be reached if inhibitor is
present as some nonproductive EAI complex will always be formed. In contrast, it is possible
to overcome the inhibition and to reach vmax by adding infinitely high (saturating) substrate
concentrations in the case of the competitive inhibition.
A frequent example for uncompetitive inhibition is substrate inhibition where a second substrate
molecule binds to the enzyme-substrate complex to form an inactive EAA complex. Conse-
quently, the second substrate molecule can be formally regarded as an uncompetitive inhibitor.
2.3.4.3.4 Non-competitive inhibition
































Apparently, the non-competitive inhibition can be considered as a mixture of competitive and
uncompetitive inhibition. Therefore it is very often referred to as mixed or mixed-type inhibition,
while in the case of Kic = Kiu it is characterised as pure non-competitive inhibition, although
some authors prefer the expression true non-competitive [300].
2.3.5 Steady-state kinetics of bireactant enzymes
In most enzymatic reactions two or more substrates are involved. An example is the case of
lipases with two reactants and products. Therefore, this section deals briefly with two possible
mechanisms for bireactant enzymes: Ordered Bi Bi and Ping Pong Bi Bi, respectively. Again,
the presentation is based on Refs. [252, 295, 296, 297, 298, 299] as sources of literature.
2.3.5.1 Ordered Bi Bi System
In the case of an Ordered Bi Bi system the two substrates bind in a defined order to the enzyme




















Figure 2.12 shows an alternative representation of the mechanism, which was introduced by
Cleland [295, 296].





























A B P Q
k4 k−4k1 k−1 k2 k−2 k3 k−3
E EA (EAB EPQ ) EQ E
Figure 2.12: Cleland notation of an Ordered Bi Bi reaction (cf. e.g. [297]). A, B: substrates. P,
Q: products. E: free enzyme. EA: enzyme-substrate complex. EQ: enzyme-product complex.































KXm is the Michaelis-Menten constant, while K
X
i is the inhibition constant for the respective
species X. vfmax and v
r
max refer to the maximum reaction rates in forward and reverse direction,
respectively. Furthermore, Keq represents the thermodynamic equilibrium constant for the over-
all reaction. If [P] = 0 and [Q] = 0, Equation (2.38) can be simplified to give the initial reaction





m +KBm[A] +KAm[B] + [A][B]
(2.42)
2.3.5.2 Ping Pong Bi Bi System
Another possible mechanism for enzymatic reactions with two substrates is the so-called Ping
Pong Bi Bi mechanism. The expression “Ping Pong” refers to the fact that a product is released
















Again, an alternative representation is given in Figure 2.13. As can be seen, this mechanism
involves two different stable enzyme forms. The free enzyme E and a modified enzyme E*,
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A P B Q
k4 k−4k1 k−1 k2 k−2 k3 k−3
E (EA E∗P ) E∗ ( E∗B EQ ) E
Figure 2.13: Cleland notation of a Ping Pong Bi Bi reaction (cf. e.g. [297]). A, B: substrates.
P, Q: products. E: free enzyme. E*: modified enzyme. EA: enzyme-substrate complex. EQ:
enzyme-product complex. E*B: modified enzyme-substrate complex. E*P: modified enzyme-
product complex.
which is usually substituted by a reactive group of substrate A. In addition, two sets of central
complexes occur during the reaction sequence.






















































This chapter provides an account of the high-pressure instrumentation. As [64] gives an extensive
description of the apparatus as found at the beginning of this work, the focus is set on subsequent
changes and improvements. In addition, still existing apparative problems and limitations are
discussed.
3.1 Survey of the high-pressure apparatus
The Figures 3.1 and 3.2 show an outline of the high-pressure apparatus in two different config-
urations for injection purposes.
The main items of the high-pressure installation are two high-pressure stainless steel cells with
volumes of 100mL (cf. section 3.2.1) and 32.1mL (cf. section 3.2.2), respectively, providing three
sapphire windows (S1, S2, and S3 in Figures 3.1 and 3.2) for spectroscopic measurements and
visual observation of the cell contents. Details concerning the spectroscopic equipment can be
found in section 3.5.
The main difference between the two cells – apart from their different volume – is the fact
that the lid of the 100mL cell provides a packless magnetic drive stirrer (MD in Figure 3.2;
cf. section 3.7), while the lid of the 32.1mL high-pressure cell is equipped with an additional
sapphire window unit (S4 in Figure 3.1) for the visual observation of the interior of the high-
pressure cell. The constructional compatibility of the two cells permits the use of the 32.1mL
cell with the lid of the 100mL cell in high-pressure experiments and vice versa.
The pressure in the system is generated in the pressurising section by means of a dosing pump
(DP in Figures 3.1 and 3.2; cf. section 3.4.1) which is fed with liquid carbon dioxide from a
steel cylinder with immersion pipe. The pressurising section is spatially separated from the
high-pressure cell by an air-operated valve (PV in Figures 3.1 and 3.2). Two check valves (CV1
and CV2 in Figures 3.1 and 3.2) prevent contamination of the dosing pump and the pressurising
section, respectively, by the cell contents. Moreover, two rupture discs (B1 and B2 in Figures
3.1 and 3.2) protect the apparatus from pressures above the maximum allowable value.
For pressure measurement, the apparatus is equipped with two analogue pressure gauges (M1
and M2 in Figures 3.1 and 3.2) and two digital pressure transmitters (PT1 and PT2 in Figures
3.1 and 3.2; cf. section 3.4.2).
The cell assembly is placed in an air thermostat allowing pre-thermostatting of the carbon
dioxide in the pressurising section by means of a heat exchanger (not shown in Figures 3.1
and 3.2; cf. [64]) and of the (substrate) solutions in the sample loop. Additionally, the cell
temperature can be regulated (cf. section 3.3.2) via a thermostatting jacket (TJ in Figures 3.1
and 3.2) by a cryostat. The temperature inside the high-pressure cell is monitored via a Pt
resistance thermometer (Pt100 in Figures 3.1 and 3.2; cf. section 3.3.1).
Both temperature and pressure in the high-pressure apparatus can be controlled by a computer






























Figure 3.1: Outline of the high-pressure apparatus – 1. DP: dosing pump. V1 - V6: high-
pressure valve. CV1 - CV2: check valve. PV: air-operated valve. B1 - B2: rupture discs.
M1 - M2: analogue manometer. PT1 - PT2: pressure transducer. Pt100: Pt resistance
thermometer. S1 - S4: sapphire window. HPLC: Gilson M305 HPLC pump. RIV: Rheodyne
injection valve. SL: sample loop. LFP: loop filling port. TJ: additional cell thermostatting.
PC: computer.
As already mentioned before, there are two different apparative configurations for injection
purposes:
On the one hand, substrates can be injected by pumping fresh carbon dioxide by means of a
Gilson HPLC pump (HPLC; cf. section 3.6.1.1) through the sample loop (SL) at the injection
valve (RIV) into the high-pressure cell as illustrated in Figure 3.1. This injection method results
in an increase of pressure in the cell due to additional carbon dioxide.
Alternatively, a Knauer HPLC pump (HPLC; cf. section 3.6.1.2) can be used to inject substrate
solutions at constant pressure by flushing the sample loop (SL) at the injection valve (RIV)
with circulated carbon dioxide from the high-pressure cell. As shown in Figure 3.2, a high-
pressure inline filter (IF) should be used in order to protect the HPLC pump from damage
due to solid particles when circulating carbon dioxide solutions containing insoluble or slightly
soluble substances.





























Figure 3.2: Outline of the high-pressure apparatus – 2. DP: dosing pump. V1 - V6: high-
pressure valve. CV1 - CV2: check valve. PV: air-operated valve. B1 - B2: rupture discs.
M1 - M2: analogue manometer. PT1 - PT2: pressure transducer. Pt100: Pt resistance
thermometer. S1 - S3: sapphire window. HPLC: Knauer K-120 HPLC pump. RIV: Rheodyne
injection valve. SL: sample loop. LFP: loop filling port. IF: high-pressure inline filter. MD:
MagneDrive stirrer. TJ: additional cell thermostatting. PC: computer.
3.2 High-pressure cells
3.2.1 100mL high-pressure cell
The 100mL stainless steel fixed volume high-pressure cell (cf. [64] and Figures A.1 and A.2) was
supplied by Bio-Ingenieurtechnik GmbH (Engelsdorf, Germany). It is designed for a maximum
pressure of 500 bar at a maximum temperature of 60 ◦C.
The lid of the cell, which provides four M16x1.5 connecting ports, can be installed at a mounting
plate inside the air thermostat. Due to this fixed position, the 1/4 inch high-pressure tubings
for CO2 supply, venting and injection are connected to the lid by means of SITEC high-pressure
tube connectors (M16x1.5; part nos. 720.0310 and 720.0320; SITEC-Sieber Engineering AG,
Maur/Zu¨rich, Switzerland). A screwed port in the centre of the lid allows, moreover, the instal-
lation of a packless magnetic drive stirrer (cf. section 3.7 for details).
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For high-pressure experiments, the lower part of the cell is attached to the lid by means of eight
M12 anti-fatigue bolts which have to be tightened with 23Nm using a torque wrench. The
pressure-proof sealing of the cell is accomplished by a 39x2.2mM PTFE O-ring.
The lower part of the cell provides three additional M16x1.5 screwed ports, which allow one
to connect additional high-pressure tubings apart from the installation of a Pt100 resistance
thermometer (cf. section 3.3.1) for measuring the temperature inside the cell. For example, one
of this ports can be used for the withdrawal of CO2 from the cell for the injection with circulated
carbon dioxide as shown in Figure 3.2.
For spectroscopic purposes (cf. section 3.5), the high-pressure cell is equipped with two opposed
6mm sapphire window units (part no. 742.0021; SITEC-Sieber Engineering AG), which are
held in place by M20x1.5 gland nuts and have been modified with lenses (cf. [64]) for the
application with optical fibres (cf. section 3.5.2). A third non-modified 6mm sapphire window
in perpendicular position to the already mentioned window units permits visual observation and
may be utilised for future fluorescence spectroscopy.
3.2.2 32.1mL high-pressure cell
Apart from the 100mL high-pressure cell, a 32.1mL stainless steel fixed volume view cell can be
used for experiments with liquid and supercritical carbon dioxide. This cell was designed and
constructed in the present work in cooperation with the faculty’s fine mechanical workshop. A
subsequent construction inspection and first pressure test by the TU¨V Su¨ddeutschland (Bau und
Betrieb; Niederlassung Regensburg) proved that it complies with homologation specifications for
high-pressure vessels in agreement with relevant legal regulations.
The construction of the second high-pressure vessel was undertaken in order to overcome ex-
perimental restrictions and problems with regard to 100mL cell causing a high consumption
of chemicals due to its volume. This results not only in high costs but also in difficulties
in providing sufficient amounts with invariable high purity of those substances which have to
be synthesised/prepared in the laboratory. For example, conductivity investigations [201] on
ClPFPE-NH4-based microemulsions in scCO2 required more than 36 g surfactant per measure-
ment for the highest reached W0 values of approx. 0.33. Allowing for the limited size of the
sample loops (cf. section 3.6.2), the high volume imposes, moreover, restraints concerning at-
tainable concentrations of substrates after their injection. Besides, the 100mL cell provides only
limited possibilities for the observation of the cell content as just a small part of the cell is visible
due to the position and the small diameter (6mm) of the sapphire window.
However, the major objective of the construction of the cell was not only to reduce the volume
and to enhance observation possibilities but also to maintain constructional compatibility to
the 100mL vessel regarding the lids and the tubing connections in order to avoid complex
modifications inside the air thermostat when replacing the lids at the mounting plate inside the
air thermostat.
The lid (cf. Figures A.8, A.10, and A.9) of the new cell provides four M16x1.5 connecting ports
for the connection of the 1/4 inch high-pressure tubings for CO2 supply, venting and injection
by means of a M16x1.5 gland nut (cf. Figure A.11). A threaded hole in the centre of the
lid permits, moreover, the installation of an additional 6mm sapphire window unit (part no.
742.0021; SITEC-Sieber Engineering AG) for the observation of the cell contents.
The smaller volume of the new cell (cf. Figures A.3, A.4, A.5, A.6, A.7, and A.8) in comparison
to the 100mL high-pressure cell, was achieved by a smaller diameter in the lower part of the
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cell and a reduced height. In contrast to the 100mL high-pressure vessel, the lower part of
the 32.1mL cell provides only two additional M16x1.5 screwed ports for the Pt100 resistance
thermometer (cf. section 3.3.1) and an additional 1/4 inch tubing. For spectroscopic purposes
(cf. section 3.5) and visual observation of the cell contents, the second high-pressure cell is
likewise equipped with two opposed 6mm sapphire windows (part no. 742.0021; SITEC-Sieber
Engineering AG) modified with lenses (cf. [64]) and a third non-modified 6mm sapphire window
in perpendicular position to the aforementioned window units.
Due to extended thread heights in the new cell (cf. Figure A.8), the standard glands nuts by
the SITEC-Sieber Engineering AG for the M16x1.5 and M20x1.5 screwed ports cannot be used.
Engineering drawings of nuts suitable for the 32.1mL cell can be found in section A.
Sealing of the 32.1mL high-pressure cell is accomplished as described in section 3.2.1 for the
100mL cell.
Despite the improved observation possibilities due to the additional window unit in the lid of
the 32.1mL high-pressure cell, it must be noted that the observation of the cell contents is still
limited and problematic because of the small diameter (6mm) of the sapphire windows.
3.3 Temperature measurement and temperature regulation
3.3.1 Temperature measurement
The temperature in the air thermostat is measured by a Pt100 screw-in resistance thermometer
(Schwille Elektronik GmbH, Kirchheim, Germany) whose electrical signal is digitised by a digital
indicator (Digital 280, Philips Prozeß- und Maschinenautomation GmbH, Kassel, Germany). For
accuracy improvement, a two-point input signal adjustment concerning the digital indicator was
carried out. Iced and boiling water were chosen as reference points. In order to eliminate the
influence of the atmospheric pressure on melting and boiling temperature, the exact temperatures
of both reference points were determined by means of a precision thermometer F250 (Automatic
Systems Laboratories, Milton Keynes, United Kingdom). The latter thermometer permits the
determination of temperatures with a maximum error of ±0.025K between −50 ◦C and 250 ◦C.
Assuming an error of ±0.1K for the two-point signal adjustment and allowing for the uncertainty
of the F250 precision thermometer, the maximal error of the temperature measurement inside
the air thermostat can be assessed at [64]:
∆Θair thermostat = ±0.2K (3.1)
For the determination of the temperature inside the cell, a Pt100 two-wire system resistance
thermometer (part no. 770.5331-26, SITEC-Sieber Engineering AG, Maur/Zu¨rich, Switzerland)
is available. This sensor can be installed in the lower part of the high-pressure cells by means
of a M16x1.5 screwed joint. In order to provide the control progamme “CO2Spec” with the
cell temperature, the analogue signal of the Pt100 sensor can be digitised either via a digital
indicator Digital 280 as used for the Pt100 resistance thermometer of the air thermostat or via a
low-temperature thermoregulated circulator (F32-HD, JULABO Labortechnik GmbH, Seelbach,
Germany), which feeds the thermostatting jacket of the cell.
The latter temperature measurement by means of the cryostat was established in the present
work. The real temperature Θcell inside the cell is calculated by the control programme“CO2Spec”
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from the temperature value Θin provided by the circulator. The conversion is based on the fol-
lowing linear equation:
Θcell = a1 ·Θin + a2 (3.2)
The parameters a1 and a2 in Equation (3.2) were derived from an input signal adjustment
performed in a temperature range from 5 ◦C to 60 ◦C in steps of 5K. As reference, a high
precision calibration thermometer [301] with a standard deviation of 0.01K was used. Allowing
for the uncertainty of the latter thermometer and for the rounding to two decimal places by the
control programme, the maximal error for the temperature measurement inside the cell can be
assessed at:
∆Θcell, F−32HD = ±0.05K (3.3)
If the digital indicator Digital 280 is used for digitising, the maximal error of the tempera-
ture measurement in the high-pressure can be estimated accordingly to the two-point signal
adjustment for the temperature sensor in the air thermostat [64]:
∆Θcell, Digital 280 = ±0.2K (3.4)
3.3.2 Temperature regulation
The temperature regulation of the air thermostat permits a temperature control to ±0.1K and
works as follows: The control programme “CO2Spec” compares every second the adjusted value
for the temperature with its actual value. If the temperature exceeds the desired value, the
control programme switches on the heater inside the air thermostat. If the temperature is
higher than the desired temperature, the cooler of the air thermostat is turned on. When the
temperature reaches the adjusted set value, the heater and the cooler, respectively, are switched
off.
At the beginning of this work, no direct regulation of the cell temperature was possible (cf.
[64]). The following two options for controlling the temperature inside the cell were established
by means of the already mentioned cryostat and the thermostatting jackets:
On the one hand, the temperature inside the cell can be adjusted by manual setting of the water
bath temperature cryostat and, thus, of the water which circulates through the thermostatting
jackets of the high pressure cell. However, this method is not very precise and requires frequent
interventions by the user in order to obtain a constant temperature inside the cell.
Alternatively, the measurement of the cell temperature by means of the cryostat (cf. section 3.3.1)
allows one to use the external PID-regulation mechanism of the low-temperature thermoregu-
lated circulator. In this case, the cryostat independently regulates the temperature inside the
cell allowing a temperature control to within less than ±0.1K. In order to reach the correct
desired cell temperature, Θcell, desired, the signal adjustment according to Equation (3.2) has
to be taken into account. Consequently, the temperature, Θout, to be set in the cryostat for
external regulation is calculated by the control programme according to the following equation
Θout =
Θcell, desired − a2
a1
(3.5)
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3.4 Dosing pump, pressure measurement and pressure regulation
3.4.1 Dosing pump
For pressurising the system, a Dosapro Milton Roy (Pont-Saint-Pierre; France) dosing pump
(DP in Figure 3.1 and 3.2) with the type designation MD.140.S(F).4.M.690/J (supplied by
MPT; Rodgau; Germany) is applied. It provides a maximum output of 1.6L/h at a maximum
allowable output pressure of 600 bar. Furthermore, it allows the continuously variable manual
adjustment of the feed rate via a micrometer screw affecting the length of the piston stroke.
For its self-protection, the pump is equipped with a relief valve which prevents generation of
pressures above 690 bar.
The dosing pump is driven by a three-phase motor of type K21R 71 K 4 (supplied by VEM
motors GmbH, Zwickau, Germany) with a maximum power of 0.25 kW and a maximal rotational
frequency of 1400min−1.
3.4.2 Pressure measurement
Apart from two analogue pressure gauges (M1 and M2, respectively, in Figure 3.1 and 3.2),
the high-pressure apparatus is equipped with two pressure transmitters (Haenni Mess-Systeme
GmbH; Stuttgart; Germany; Model ED 517/314.211/165) which allow the determination of the
pressure in the pressurising section (PT1 in Figure 3.1 and 3.2) as well as in the high-pressure cell
(PT2 in Figure 3.1 and 3.2). Their principle of measurement is based on a thin film diaphragm
which displays a variable resistance with respect to its pressure dependent camber. The trans-
ducers permit differential pressure measurements in relation to atmospheric pressure up to a
maximum pressure of 600 bar. Their operating temperature range is −10 ◦C to 80 ◦C, whereas
the compensated temperature range extends from 20 ◦C to 50 ◦C. The latter temperature span
refers to the range where the pressure transmitters comply with the specifications stated in the
data sheet [302]. The reference temperature for calibration and testing purposes is 25 ◦C.
Allowing for linearity, hysteresis, repeatability, zero thermal drift, and span thermal drift, the
temperature dependent maximum measuring error ∆pED 517(Θ) of the pressure transmitters
within the compensated temperature range can be calculated as follows:







Apart from ∆pED 517(Θ), the instrument error of the digital indicator (Digital 280, Philips
Prozeß- und Maschinenautomation GmbH, Kassel, Germany) used for digitising the analogue
signal of the pressure transmitters has to be taken into account [64, 303]:
∆pDigital 280 = ±0.6 bar (3.7)








Within the temperature compensated range, the maximal pressure error for the whole measuring
span from 1bar up to 600 bar passes through a minimum of ±4.8 bar at the reference temper-
ature of 25 ◦C and displays a maximum of ±15.0 bar at 50 ◦C. For the most commonly used
experimental temperature of 35 ◦C, it amounts to ±9.1 bar.
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3.4.3 Pressure regulation
For the maintenance of constant pressure conditions during experiments, the control programme
“CO2Spec” provides a pressure regulation mode which automatically compensates temporary
pressure loss as a result of sporadic leakages or temperature changes by appropriate activa-
tion/deactivation of the dosing pump and the air operated valve (PV in Figures 3.1 and 3.2),
respectively. In addition, the regulation permits pressurising of the system in order to reach the
desired working pressure.
The regulation is based on three adjustable parameters which can be set in the control pro-
gramme by the user: required pressure in the cell as controlled condition, overpressure in the
pressurising section, and tolerance threshold. The latter parameter refers to the shortfall of the
required pressure which is tolerated by the system. The overpressure provides the necessary
cracking pressure for the check valve (CV2 in Figures 3.1 and 3.2) in order to permit immediate
free flow in the direction of the cell when readjusting cell pressure.
In principle, the pressure regulation works as follows: By analogy to the temperature regulation
(cf. section 3.3.2), the control programme compares every second the actual pressure values
in the cell and in the pressurising section with the control parameters. If the pressure in the
pressurising section falls below the adjusted overpressure, the control programme turns on the
dosing pump. The pump is turned off after restoration of the required overpressure. If the
pressure in the cell drops below the tolerance threshold, the air operated valve is opened. This
results in an increase of pressure in the cell, as carbon dioxide flows into the vessel due to the
overpressure in the pressurising section. If this pressure compensation causes the pressure in the
pressurising section to fall below the adjusted overpressure, the control programme, moreover,
switches the dosing pump on. When the pressure reaches and exceeds, respectively, the tolerance
threshold, the pneumatic valve is closed. The optionally actuated pump is turned off by the
programme as soon as the overpressure is restored.
In order to avoid too high-pressure increases in the pressurising section and thus substantial
deviations from the desired pressure, it is necessary to reduce the output of the dosing pump as
described in section 3.4.1. While pressurising or changing the pressure of the system requires
high feed rates (preferably 100%), smaller rates between 50% and 70% have turned out to be
more effective for pressure regulation. Provided that the parameters and the pump output are
appropriately chosen, the regulation mode allows the adjustment of the required pressure with
a control accuracy of ±1% at pressures above 100 bar.
Apart from pressurising and maintaining constant pressure in the cell, the pressure regulation
mode provides security features. In case of steep pressure drops in the cell as a result of rupture
of bursting discs or O-rings, it ensures that the dosing pump is deactivated and that the air
operated valve is closed in order to prevent loss of CO2 from the steel gas bottle. Besides, the
temperature regulation is turned off. Furthermore, it takes measures if the cell pressure exceeds
the maximum allowable value of 500 bar.


















Figure 3.3: Outline of the high-pressure apparatus – spectroscopic equipment. PS: power sup-
ply for lamp. L: lamp. CM: concave mirror. SH: shutter. A: aperture. ID: iris diaphragm. BS:
beam splitter. AF: attenuation filter. PD: photo diode. AD: Analogue-to-Digital converter.
OF1 - OF2: optical fibre. S1 - S3: sapphire window. SP: diode array spectrophotometer. PC:
computer.
3.5 UV/VIS spectroscopy
A schematic representation of the equipment for UV/VIS spectroscopy gives Figure 3.3.
3.5.1 Light sources
Two different lamps are available as light sources for UV/VIS spectroscopy, which, moreover,
provide the necessary light for visual observation of the cell content. One of them is a 150W
xenon short arc lamp provided by Osram (Munich) with the type designation XBO 150 W/1.
A constant wattage regulated voltage generator containing an integral high-voltage RF ignitor
(Oriel; Stratford, Connecticut, USA; model no. 8510-2) serves as a power supply for this lamp
type. Alternatively, a 100W tungsten halogen lamp (QTH) mounted in the same cabinet (Oriel;
model no. 7340) as the xenon arc lamp can be used. The second lamp is fed by a constant
voltage regulator (Gossen; Erlangen; Germany) with the required direct current.
The emitted light of both lamps is directed to a beam splitter by means of an optical system
compromised of a folding concave mirror, a shutter, an aperture, a lens, and an iris diaphragm.
The beam splitter diverts 5% of the initial light intensity to a photo diode via an attenuation
filter. After digitising, the signal of the photo diode allows the mathematical elimination of in-
tensity fluctuations of the light source within the control programme“CO2Spec”. The remaining




Two optical fibres allow guiding the light from the radiation sources (cf. section 3.5.1) to the
high-pressure cell and the transmitted light from the cell to the spectrophotometer (cf. section
3.5.3).
The two used light conductors are multi-fibre optical waveguides (Carl Zeiss Jena; Jena; Ger-
many) with a length of 2m and a core diameter of 3mm. Due to their fibre type LUV 105
they are also appropriate for spectrophotometric measurements in the UV-range. Metallic end
sleeves (ZEISS type each) allow the fixation at the respective optical devices.
Alternatively, a third optical fibre is available, which is a 1.8m quartz (215 nm - 1100 nm) mono-
fibre optic (Carl Zeiss Jena; Jena). Its diameter of the core amounts to 0.6mm and its end sleeves
are of the same type as those of the two optical fibres mentioned above.
3.5.3 Diode array spectrophotometer
For spectrophotometry a single-beam simultaneous spectrophotometer of type MCS 220 (Carl
Zeiss; Oberkochen; Germany) with a diode array consisting of 512 discrete silicon diodes can
be utilised. It permits spectral measurements in a wavelength range from 200 nm to 600 nm
with integration times between 5.6ms and 42.6ms. Spectral decomposition is accomplished by
means of a holographic concave reflection grating characterised by a blaze wavelength of 230 nm.
Typically, a practical resolving power of approx. 2.4 nm is achieved by the photometer.
An integrated 12-bit analogue-to-digital converter digitises the spectrophotometer signal and
facilitates the data transfer to the computer via a parallel interface-card. The control programme
“CO2Spec” allows the immediate graphical display of the measured spectrum. Besides, it is




Two HPLC pumps are at disposal for injection purposes.
3.6.1.1 Gilson M 305
On the one hand, a single-piston Gilson (Middleton, Wisconsin; USA) M305 HPLC pump (sup-
plied by ABIMED Anyalsen-Technik; Langenfeld; Germany) can be used for the injection of
substrate solutions by pumping fresh carbon dioxide through the sample loop at the injection
valve into the high-pressure cell (cf. Figure 3.1). The applied cooled pump head 10SC is dimen-
sioned for a maximum output pressure of 600 bar at a maximal input pressure of 100 bar and
allows flow rates between 0.050mL/min and 10mL/min. Due to its serial interface architecture,
external control by the computer is not possible at the present stage (cf. [64]).
3.6.1.2 Knauer K-120
On the other hand, a double-piston Knauer (Berlin; Germany) WellChrom K-120 HPLC pump is
available for the injection of substrate solution by flushing the sample loop at the injection valve
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with circulated carbon dioxide from the high-pressure cell (cf. Figure 3.2). The maximum op-
erating pressure of this pump is 400 bar at flow rates between 0.001mL/min and 9.999mL/min.
As this pump provides a standard serial interface, external control by the computer is possible,
which permits a completely automated injection in combination with the computer controlled
injection valve as described below.
Despite positive test results (cf. [64]), the above mentioned injection type by means of the Knauer
HPLC pump turned out to be unreliable with a failure rate of 80-90% (no observable flow).
3.6.2 Injection valve and sample loops
The injection valve is a stainless steel 2-position, 6-port high-pressure motorised switching valve
with the type designation LabPRO 7000 (Rheodyne; Rhonert Park, California; USA; supplied
by ABIMED Analysen-Technik; Langenfeld; Germany) and a maximum operating pressure of
345 bar. It provides a serial interface which allows one to switch the valve’s positions by means
of the computer as an alternative to manual operation.
Sample loops for the injection valve as described above are available with volumes between 5µL
and 5mL.
3.7 Stirring and mixing
A packless magnetic drive stirrer (MagneDrive II; part no. 0.75 02 SS 06 A; Autoclave Engineers
AE, Erie, Pennsylvania, USA; supplied by Schmidt, Kranz & Co. GmbH, Velbert-Langenberg,
Germany) attached at the lid of the 100mL high-pressure cell can be used for intermixing the
cell contents. It is designed for a maximum rotational speed of 3000U min−1 and a maximal
torque of 1.808Nm.
The packless magnetic drive stirrer is driven via a V-belt by a three-phase motor of type M80A2
(ATM Antriebstechnik GmbH, Zwickau, Germany) with a maximum power of 0.75 kW and a
maximal rotational frequency of 3000min−1.
Further details concerning this stirrer type can be found in [64].
Alternatively, a magnetic stirrer can be used to intermix the cell contents.
3.8 Conductivity measurement
3.8.1 Conductivity bridge
The alternating current conductance bridge consists of a symmetric Wheatstone bridge with a
Wagner earth circuit, a frequency generator, and a high precision resistance decade. The fre-
quency generator permits measurements in a frequency range between 10Hz and 10 kHz. The
resistance decade (part no. 1433-29, QuadTech Inc., Maynard, USA; supplied by CME Com-
puMess Elektronik GmbH, Unterschleißheim, Germany) allows balancing of the bridge resistors
up to 1.11111 · 105Ω with a resolution of 0.01Ω. The determination of even higher resistances is
facilitated by shunting a 1 · 105Ω precision resistor. Besides, additional capacitor decades can be
connected in parallel to the Wheatstone bridge in case of very high capacities to be measured.
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Because of metrological reasons, the serial arrangement of electrolyte resistance RE and capacity










where R(ν) is the resistance and C(ν) is the electric capacity. As can be seen from the equations
above, balancing of the conductance bridge depends on the adjusted measuring frequency ν.
Hence, the exact resistance of the electrolyte Rex is usually obtained by extrapolation to infinite
frequency. For this purpose, several mathematical methods have been proposed in literature.
Robinson and Stokes [305] have suggested Equation (3.12), which has shown to be effective
for conductance measurements with grey platinised electrodes. Jones and Christian [306] have
recommended Equation (3.13), while Hoover [307] has introduced Equation (3.14) with a variable
exponent for ν. Furthermore, Nicol and Fuoss [308] have proposed Equation (3.15), which
represents a combination of the Equations (3.12) and (3.13).
R(ν) = Rex + aν−1 (3.12)
R(ν) = Rex + aν−
1
2 (3.13)
R(ν) = Rex + aν−b (3.14)
R(ν) = Rex + aν−
1
2 + bν−1 (3.15)
3.8.2 Electrodes
In a previous study, the electric conductivity of ClPFPE-NH4-based microemulsions in scCO2
was investigated [201]. The 100mL view cell was set up for electrical conductivity measurements
by means of a single annular Pt electrode (height 3 mm, diameter 20 mm) which was concen-
trically mounted at the top of the high pressure cell with the help of a Kel-F mounting. The
electrode was connected with a wheatstone bridge as described in the previous section via an
high-pressure electric single connector (part no. 770.8350, SITEC-Sieber Engineering AG). In
order to avoid stray fields and additional earth impedances, the metallic view cell itself connected
to earth was, moreover, used as the second electrode.
In the present work, two new electrode types (cf. Figure 3.4 and Figures A.15 and A.16, respec-
tively) were designed and constructed in cooperation with the faculty’s fine mechanical workshop.
The construction of these electrodes vessel was undertaken in order to overcome experimental
limitations and problems with regard to the old electrode type as described above.
The new electrodes can be mounted in the M20x1.5 screwed ports of the high-pressure cells
replacing the respective sapphire window unit. As in the case of the old electrode type, the
view cells have to be used as second electrode in order to avoid stray fields and additional earth
impedances.
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Figure 3.4: Photograph of the high-pressure electrodes
Main advantage of the new electrodes are their smaller electrode surfaces resulting in higher
cell constants and, thus, allowing to measure a wider conductivity range as compared to the old
electrode.
Both new electrodes have been tested up to a maximal pressure of 450 bar at 35 ◦C without
failure. However, since no conductivity measurements were performed in the present work, there
is no data available concerning the long-term stability of the electrodes. Possible critical areas
are the soldering joints between nickelised Macor and the stainless steel parts of the electrodes.
This is particularly the case for the electrode II (cf. Figure A.16) where sealing is established
by means of these soldering joints. In the case of the other electrode (cf. Figure A.15), Macor
is just used to provide a defined electrode surface, while sealing is achieved by means of a cone.
As can be seen from Figure 3.4, the latter electrode, however, requires a PTFE heatshrinking
tube for electric isolation from the high-pressure cell.

4 Syntheses
4.1 Synthesis of di-HCF4
The sodium salt of bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl)-2-sulfosuccinate (di-HCF4) was pre-
pared in a two-step synthesis via the intermediate product bis(2,2,3,4,4,5,5-octafluoro-1-pentyl)
maleate and bis(2,2,3,4,4,5,5-octafluoro-1-pentyl) fumarate, respectively.
































Figure 4.1: Synthesis of bis(2,2,3,4,4,5,5-octafluoropentyl) maleate
Bis(2,2,3,4,4,5,5-octafluoropentyl) maleate was synthesised according to Yoshino et al. [309].
A mixture of 19.6 g (200mmol) maleic anhydride (for synthesis, Merck), 101.0 g (435mmol)
2,2,3,4,4,5,5-octafluoropentanol (98%, Aldrich), and p-toluenesulfonic acid monohydrate (7.6 g,
40mmol) as catalyst was refluxed under stirring in 750mL toluene at 110 ◦C for 24 h. In order
to shift the reaction equilibrium of the esterification reaction, the water liberated in the course
of the reaction was azeotropically removed and separated from the reaction flask by means of a
water trap. Subsequently, the warm reaction mixture was washed 5 times with water (80 ◦C).
After evaporation of the solvent, the remaining orange liquid was fractionated under reduced
pressure to yield a colorless liquid product (yield: 69.5 g, 63.9%).
1H-NMR (250MHz, THF-D8): δ [ppm] = 4.87 (t(t), J = 14.2 (1.4)Hz, 4H, –CF2–CH2–O), 6.56
(s, 2H, =CH), 6.57 (t(t), J = 50.9 (5.5)Hz, 2H, –CF2–CHF2).
4.1.2 Synthesis of bis(2,2,3,4,4,5,5-octafluoro-1-pentyl) fumarate
Bis(2,2,3,4,4,5,5-octafluoropentyl) fumarate was synthesised according to Downer et al. [232].
A mixture of 26.7 g (220mmol) N,N-dimethylaniline (for synthesis, Merck), 51.1 g (220mmol)
2,2,3,4,4,5,5-octafluoropentanol (98%, Aldrich), and 16.8 g (110mmol) fumaryl chloride (for
synthesis, Merck) was refluxed under stirring in anhydrous THF (500mL) for 48 h under nitrogen.
After removal of the solvent, the reaction mixture was dissolved in diethyl ether. The resulting








































Figure 4.2: Synthesis of bis(2,2,3,4,4,5,5-octafluoropentyl) fumarate
NaHCO3 solution. The ethereal extracts were dried over anhydrous MgSO4, filtered, and diethyl
ether was removed by rotary evaporation. Subsequent distillation at reduced pressure yielded
a pale yellow to colorless liquid which solidified on cooling within several days (yield: 30.6 g,
25.6%).
1H-NMR (250MHz, THF-D8): δ [ppm] = 4.87 (t, J = 14.2Hz, 4H, –CF2–CH2–O), 6.59 (t(t),
J = 51.0 (5.0)Hz, 2H, –CF2–CHF2), 6.98 (s, 2H, =CH).










































Figure 4.3: Synthesis of the sodium salt of bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl)-2-
sulfosuccinate
The sodium salt of bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl)-2-sulfosuccinate (di-HCF4) was syn-
thesised by modification of the procedures given by Yoshino et al. [309], Downer et al. [232], and
Liu and Erkey [235]. Alternative syntheses for di-HCF4 can be found in [310] and [311], respec-
tively. The synthesis described below can also be conducted with bis(2,2,3,3,4,4,5,5-octafluoro-
1-pentyl) fumarate as educt.
A solution of 3.4 g (17.9mmol) sodium metabisulfite (extra pure, Merck) in 65mL water was
added to a solution of 20.0 g (36.8mmol) bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl) maleate in 174mL
1,4-dioxane. The resulting mixture was refluxed under stirring at 98 ◦C for 65 h. After evapora-
tion of the dioxane/water mixture, the residual solid was dried under vacuum for 24 h. Subse-
quently, a Soxhlet extraction was conducted with dry diethyl ether as solvent in order to remove
residual inorganic material. After evaporation of the ether, the white solid product was recrys-
tallised several times from a chloroform/ethanol mix. A white powder was obtained after drying
under vacuum at 60 ◦C for 36 h.
1H-NMR (400MHz, THF-D8): δ [ppm] = 3.20 (d(d), J = 17.9 (4.5)Hz, 1H, –CO–CH2–), 3.28
(d(d), J = 17.9 (10.6)Hz, 1H, –CO–CH2–), 4.14 (d(d), J = 10.6 (4.5)Hz, 1H, –CH(SO3Na)–
), 4.66 – 4.89 (m, –CF2–CH2–O), 6.73 (t(t), J = 51.0 (5.6)Hz, 1H, –CF2–CHF2), 6.77 (t(t),
J = 50.9 (5.8)Hz, 1H, –CF2–CHF2).
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Figure 4.4: Synthesis of octyltributylammonium bromide (C8C4)
Octyltributylammonium bromide (C8C4) was synthesised by modification of the procedure given
by Drifford et al. [312].
A mixture of 62.5 g (337mmol) freshly distilled tributylamine (for synthesis; Merck) and 65 g
(337mmol) 1-bromooctane (for synthesis, Merck) was refluxed under stirring in dry acetonitrile
(AN, 125mL) at 90 ◦C for 3 h under nitrogen. Upon cooling to room temperature, phase separa-
tion occurred allowing to separate a slightly yellow liquid product phase from unreacted educts
and solvent. After drying under vacuum in order to remove residual AN, a slightly yellow liquid
was obtained.
Crystallisation of C8C4 was achieved by the following procedure: ethyl acetate was added to the
liquid product and removed by evaporation under vacuum after mixing. The repeated treatment
with ethyl acetate resulted (sometimes) in the crystallisation of C8C4. A white product was
obtained after further vacuum drying.
Further efforts to purify and recrystallise the obtained product were not made. Recrystallisation
in diethyl ether and ethyl acetate was impossible due to the fact that a pale yellow phase
separated from solvent was obtained in both cases (cf. also [312]).
NMR measurements showed that reaction times longer than 3 h result in a significant amount
of by-products, which might be caused by transalkylation reactions. It should be noted that the
second phase containing significant amounts of unreacted educts might be used to start a new
synthesis according to the synthesis procedure given above. This reuse might, however, yield
C8C4 with more impurities.
1H-NMR (300MHz, CDCl3): δ [ppm] = 0.81 (t, 3H, –CH2–CH3), 0.95 (t, 9H, –CH2–CH3),
1.15− 1.50 (m, 16H, –CH2–), 1.55− 1.71 (m, 8H, –CH2–), 3.2− 3.4 (m, 8H, N-CH2–).
13C-NMR (75.5MHz , CDCl3): δ [ppm] = 59.22 (N–CH2–), 59.07 (N–CH2–), 31.59 , 29.06,
29.00, 26.38, 24.22, 22.55, 22.28, 19.76 (all: CH2–CH2–CH2), 14.03 (–CH3), 13.70 (–CH3).
4.3 Synthesis of DPnBPrSO3Na
In this work, the term DPnBPrSO3Na is used as abbreviation for the following mixture of
isomeric salts: sodium salt of 5,8-dimethyl-4,7,10-trioxatridecane-1-sulfonic acid, sodium salt of
5,9-dimethyl-4,7,10-trioxatridecane-1-sulfonic acid, sodium salt of 6,8-dimethyl-4,7,10-trioxatri-
decane-1-sulfonic acid, and sodium salt of 6,9-dimethyl-4,7,10-trioxatridecane-1-sulfonic acid.
13.9 g (72.9mmol) Dowanol DPnB (bis(isopropylene glycol) butyl ether, ≥ 98.5%, Aldrich,
mixture of isomers) was added dropwise under stirring to a suspension of 3.5 g sodium hydride





















Figure 4.5: Synthesis of DPnBPrSO3Na
ice bath. After half an hour stirring at room temperature, a solution of 12.4 g (101mmol)
freshly distilled 1,3-propanesultone (99%, Lancaster) in 50mL dry THF was slowly added to
the mixture, which was then refluxed at 69 ◦C for 22 h. The reaction mixture was allowed to
cool down to room temperature and water was added in order to destroy unreacted sodium
hydride. After evaporation of the solvent, the residual solid was dissolved in water and the
resulting mixture was extracted with 1-butanol (addition of salt necessary in order to achieve
phase separation). Subsequently, the 1-butanol was removed by rotary evaporation, the residuals
were again dissolved in water and an extraction with diethyl ether was performed by means of
a liquid-liquid extractor (addition of salt necessary in order to achieve phase separation). After
evaporation of the ether and drying under vacuum, a white waxlike solid product was obtained.
Further efforts to purify the product were not made.
1H-NMR (400MHz, D2O): δ [ppm] = 0.75 (t, 3H, J = 7.4Hz, –CH2–CH3), 0.98− 1.00 (m, 6H,
–CH–CH3), 1.15−1.25 (m, 2H, –CH2–), 1.35 – 1.44 (m, 2H, –CH2), 1.80−1.87 (m, 2H, –CH2–),
2.80− 2.84 (m, 2H, –CH2–), 3.29− 3.61 (m, 10H, –CH(CH3)–, –CH2).
4.4 Preparation ClPFPE-NH4
ClPFPE-NH4, the ammonium salt of Fluorolink 7004 (ClPFPE-NH4; cf. Figure 2.7 for consti-
tutional formula), was prepared according to [64, 201, 313].
100mL aqueous ammonia solution (extra pure, ≥ 32% acidimetric, Merck) was slowly added to
50mL Fluorolink 7004 (Ausimont Italy, Lot number BL14299, equivalent molecular weight 600)
at room temperature. After stirring for half an hour, the temperature was raised to approx.
65 ◦C for 24 h in order to remove excess ammonia and water. The waxlike surfactant was then
dried under vacuum for several days at 65 ◦C. The final water content of the surfactant, as
determined by Karl-Fischer-titration in anhydrous methanol, was 0.14% (w/w). Because of its
hygroscopic properties, ClPFPE-NH4 was stored in a Schlenk flask under dry nitrogen.
5 Enzymatic reactions in scCO2
5.1 Organogels as enzyme immobilisation matrix
As already stated in section 2.2, organogels based on both classical and detergentless microemul-
sions have recently attracted attention as enzyme immobilisation matrix for reactions in non-
aqueous conventional solvents such as isooctane or n-hexane. In the present work, the catalytic
ability of lipases encapsulated in these microemulsion-based organogels with scCO2 as external
solvent was the subject of investigation. Moreover, initial tests concerning organogels based
on phytantriol as a new type of immobilisation matrix were performed in both isooctane and
scCO2.
5.1.1 Microemulsion-based organogels
For the investigation of lipase-catalysed reactions with microemulsion-based organogels (MBGs)
as immobilisation matrix, lipases from Candida antarctica and Mucor miehei were encapsulated
in lecithin as well as AOT water-in-oil (w/o) MBGs formulated with either hydroxypropylmethyl
cellulose (HPMC) or gelatin. Based on results obtained from initial activity tests in scCO2, the
focus for further investigations was set on HPMC-lecithin MBGs with entrapped C. antarctica
lipase.
The effect of various parameters such as pressure, mass fraction of biopolymer, alcohol and
carboxylic acid chain length was studied in scCO2. Results are discussed with reference to
experiments performed with isooctane as external solvent. In addition, a kinetic study of MBG
encapsulated C. antarctica lipase in scCO2, based on a simple model esterification reaction, was
undertaken to clarify the reaction mechanism and to determine the apparent kinetic constants.
Furthermore, differential scanning calorimetry (DSC) measurements were carried out in order
to characterise the state of water within the MBGs in more details.
5.1.1.1 Experimental
5.1.1.1.1 Materials
Lipases. Lipases from C. antarctica and M. miehei, respectively, were supplied by Fluka. The
lipase B from C. antarctica (CaL) had a specific activity of 9.2Umg−1 (Lot & Filling Code:
47202/1 3203023). 1U corresponds to the amount of enzyme which liberates 1mmol butyric
acid per minute at pH8.0 and 40 ◦C using tributyrine as substrate. The specific activity of the
M. miehei lipase (MmL) was 242Umg−1 (Lot & Filling Code: 49325/1 11502). In the case of
the lipase from M. miehei, 1U refers to the amount of enzyme which liberates 1mmol oleic acid
per minute at pH8.0 and 40 ◦C using trioleine as substrate.
Chemicals. Table 5.1 gives a survey of the chemicals utilised for the experiments concerning
enzymatic reactions with MBGs. In addition, carbon dioxide (99.995%) was obtained from
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Linde and used without further purification. All gels and buffer solutions were prepared with
Millipore Milli-Q water.
5.1.1.1.2 Preparation of microemulsion-based gels
Preparation of Tris/HCl buffer and enzyme stock solutions. A 200mM Tris/HCl pH7.5
buffer was used for all experiments with lipase-containing organogels. For buffer preparation, a
solution of 6.6 g Tris in approx. 150mL water was adjusted to pH7.5 by addition of 1mol L−1
hydrochloric acid followed by diluting to 250mL in a volumetric flask. The effect of dilution on
the adjusted pH value was negligible.
The pH was measured by means of a “Titroline alpha”automatic titrator (Schott-Gera¨te GmbH,
Hofheim, Germany) with a N62 pH combination electrode (Schott-Gera¨te GmbH). Calibration
was done with standard buffers of pH 7.00 and pH4.00 (CertiPUR, Merck) at room temperature.
Enzyme stock solutions were prepared by dissolving appropriate amounts of CaL and MmL,
respectively, in adequate amounts of Tris/HCl buffer pH7.5. In order to avoid repeated freeze-
thaw cycles, the stock solutions were frozen at −20 ◦C in aliquots of 30µL.
Preparation of microemulsions. Lecithin microemulsions for HPMC based gels were prepared
by adding appropriate amounts of lipase in 200mM Tris/HCl pH7.5 buffer to a solution of 4.8%
(w/w) lecithin (used as received) in isooctane containing 5.0% (v/v) 1-propanol. In order to
formulate AOT microemulsions, appropriate amounts of lipase in 200mM Tris/HCl pH7.5 buffer
were added to a 200mM solution of AOT in isooctane. The final water content of the latter
system was 3.5% (v/v) yielding a molar hydration ratio W0 = [H20]/[AOT] of approx. 10.
In the case of lecithin microemulsions for gelatin organogels, appropriate amounts of buffer
containing lipase were added to a solution of 22.2% (w/w) lecithin in isooctane containing 32%
(v/v) 1-propanol and 26.5% (v/v) water. Respective AOT microemulsions were prepared by
addition of lipase containing buffer to a solution of 17.8% (w/w) AOT in n-hexane containing
7.3% (v/v) water.
Preparation of gels. The MBGs were prepared by introducing appropriate amounts of mi-
croemulsion containing lipase to a mixture of biopolymer and water. In the case of HPMC gels,
1.02mL of lecithin or AOT microemulsion containing 1.20mg CaL or 0.22mg MmL was gelled
with 1.0 g HPMC and 2.0mL water at room temperature. The gelatin gels were prepared by
gelling 4.0mL AOT or 3.6mL lecithin microemulsion with 1.4 g gelatin and 1.8mL water. The
gelatin-water mixtures were preheated to 55 ◦C, stirred until homogeneous and then allowed to
cool. Organogels were formed by addition of the microemulsion at 35 ◦C. Data concerning the
exact amounts of enzyme in the respective gelatin-based MBGs is given in Table 5.2.
5.1.1.1.3 Lipase-catalysed reactions
Carbon dioxide as external solvent. Lipase-catalysed reactions with carbon dioxide as external
solvent were carried out in the 32.1mL high-pressure cell (cf. section 3.2.2). The high-pressure
apparatus was additionally equipped with a Gilson M305 HPLC pump (cf. section 3.6.1.1) and
a Rheodyne injection valve (cf. section 3.6.2) for the injection of substrates by pumping fresh
carbon dioxide through the sample loop into the cell and thus reaching the adjusted reaction
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Table 5.1: Survey of the chemicals used for the experiments with microemulsion-based organo-
gels.
Chemical Purity and/or specification Supplier
AOT a BioChemika MicroSelect, ≥ 99% (TLC) Fluka
1-butanol for analysis, ≥ 99.5% (GC) Merck
1-butyl laurate ≥ 99% (GC) Aldrich
decanoic acid for synthesis, ≥ 98% (GC) Merck
1-ethanol absolute, Baker analyzed, 99.9% (GC) Baker
ethyl acetate for analysis, ≥ 99.5% (GC) Merck
ethyl acetoacetate for synthesis, > 98% (GC) Merck
ethyl crotonate for synthesis, > 98% (GC) Merck
gelatin powder food grade Merck
geraniol purum, ≥ 96% (GC) Fluka
1-heptanol for synthesis, > 99% (GC) Merck
n-hexane extra pure, ≥ 95% (GC) Merck
hexanoic acid for synthesis, ≥ 98% (GC) Merck
1-hexanol for synthesis, > 98% (GC) Merck
HPA b for synthesis, > 98% (acid.) Merck
HPMC c viscosity 3500-5600 cP d Sigma
HPP e for synthesis, ≥ 98% (HPLC) Merck
hydrochloric acid 1mol L−1 standard solution Roth
isooctane for analysis, ≥ 99.5% (GC) Merck
lauric acid ≥ 99.5% (GC) Sigma
lecithin ≈ 40% (TLC) phosphatidylcholine Sigma
myristic acid for synthesis, ≥ 98% (GC) Merck
nerol technical, ∼ 95% (GC) Fluka
1-nonanol for synthesis, > 98% (GC)) Merck
octanoic acid for synthesis, > 99% (GC) Merck
1-octanol acid for synthesis, > 99% (GC) Merck
1-pentanol for synthesis, > 98% (GC) Merck
1-propanol for analysis, ≥ 99.5% (GC) Merck
2-propanol for analysis, ≥ 99.7% (GC) Merck
Tris f for analysis, 99.8%–100.1% (acid.) Merck
vinyl acetate for synthesis, > 99% (GC) Merck
acid.: acidimetric. a Aerosol OT; sodium bis(2-ethylhexyl)-sulfosuccinate. b p-hydroxy-
phenylacetic acid. c hydroxypropylmethyl cellulose. d 2% aqueous solution, 20 ◦C. e p-
hydroxyphenylpropionic acid. f 2-amino-2-(hydroxymethyl)-1,3-propanediol.
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pressure. An outline of the apparatus is given in Figure 3.1. Further details concerning the
instrumentation can be found in chapter 3.
In order to ensure complete injection of substrates, injections were performed assuming laminar
flow, i.e. that the amount/volume of carbon dioxide used to flush the sample loop was at least
3.5 times higher than the nominal volume of the sample loop (cf. [64]).
The freshly prepared gels were loaded into the high-pressure cell, which was then sealed. The
temperature was adjusted to about 0.8K below the final temperature as pressurising results in a
temperature increase. After increasing the pressure by feeding the cell with CO2, the reactions
were started by injecting appropriate amounts of lauric acid and 1-propanol solubilised in small
amounts of isooctane. The solutions were not stirred during reaction. Analysis of the reactions
was done by GC after depressurising and sample recovery. Details concerning GC equipment
and conditions can be found in appendix B. For the HPMC gels the reaction temperature was
35 ◦C, whereas in the case of the gelatin gels a temperature of 25 ◦C was chosen (liquid CO2).
Kinetic measurements were carried out batchwise: sets of identical samples with freshly prepared,
new gels were sealed in the high-pressure cell and the reactions were stopped at certain predefined
time intervals. Reproducibility tests showed that all measured conversions were reproducible
within ±2%, most of them even within less than ±1%.
Isooctane as external solvent. In addition to the experiments in scCO2, lipase-catalysed reac-
tions were also studied in isooctane as a reference system at ambient pressure. The experiments
with isooctane as external conventional organic solvent were performed at 35 ◦C as described by
Delimitsou et al. [153].
The lipase-containing MBGs were placed into Schott bottles and the reactions were initiated by
adding a pre-thermostated isooctane-phase containing the substrates at different concentrations
to the MBG. At fixed time intervals samples of 50µL each were taken and analysed by GC as
described above for the case of lipase-catalysed reactions with scCO2 as external solvent (cf.
appendix B).
5.1.1.1.4 Determination of kinetic parameters
Parametric identification of maximum velocity, Michaelis-Menten constants and inhibition con-
stants was done from the equation for the initial reaction rate in absence of product. The
program used for identification was based on a Levenberg-Marquardt algorithm.
5.1.1.1.5 Biocatalyst reuse
In order to determine the stability of the CaL immobilised in the HPMC organogels with lecithin
microemulsion, the gels were reused in consecutive independent batches in scCO2. Each batch
reaction was continued for 3 h at 35 ◦C. The total volume of the batch was 32.1mL in each case.
After each run, the organogels containing lipase were washed twice with 10mL isooctane and a
new catalytic reaction was started in scCO2 as described before. The same series of experiments
was also performed in the reference system isooctane at 35 ◦C and with 32.1mL total volume.
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Table 5.2: Esterification of 103mM lauric acid and 207mM 1-propanol: Survey of the prelimi-
nary tests on enzyme activity in MBGs with scCO2 as solvent. % conversion of lauric acid to
1-propyl laurate. Reaction time: 3 h unless otherwise stated.
Polymer Surfactant Lipase mLipase/mg % conversion
HPMC a lecithin CaL 1.20 36.5
MmL 0.22 11.5
AOT CaL 1.20 10.7
MmL 0.22 1.6
gelatin lecithin b CaL 0.90 1.8
MmL 0.17 2.2
AOT CaL b 7.19 17.0
MmL c 1.32 9.0
MmL d 1.39 36.8
a 35 ◦C, 110 bar. b 25 ◦C, 150 bar. c 25 ◦C, 175 bar. d 25.2 ◦C, 130 bar, gelation with
4.6mL AOT microemulsion, reaction time: 7 h.
5.1.1.1.6 DSC measurements
Differential scanning calorimetry (DSC) measurements on gels of different composition were
performed using a SETARAM Micro DSC III (SETARAM Scientific & Industrial Equipment,
Caluire, France). Phase transitions of water in these gels were studied in a temperature range
from −20 ◦C to 25 ◦C with a scan rate of 0.5Kmin−1.
5.1.1.2 Results
5.1.1.2.1 Choice of system
In the present work, the ability of HPMC as well as gelatin organogels based on both AOT as
well as lecithin microemulsions to catalyse esterification reactions in scCO2 was investigated. As
model reaction the esterification lauric acid and 1-propanol was chosen. The preliminary tests
were performed with gel compositions similar to those published recently [151, 152, 153]. Efforts
to optimise gel compositions were not attempted. A reaction temperature of 25 ◦C was chosen
for gelatin MBGs in order to avoid melting of the gels under pressure.
It was observed that the carbon dioxide solution above the HPMC MBGs remains transparent,
whereas in the case of the gelatin gels turbidity appears when the amount of microemulsion in
the gel exceeded 55% (w/w). After injection of the substrate solution the carbon dioxide phase
becomes turbid independently of the microemulsion contents in the gels. This is observed for
both gelatin and HPMC gels.
The preliminary tests with carbon dioxide as solvent showed that both enzymes were catalytically
active in MBGs based on either HPMC or gelatin and in microemulsions containing either
AOT or lecithin (cf. Table 5.2). After having accomplished the reactions in the carbon dioxide
environment, all gels were tested in a subsequent esterification reaction with isooctane as solvent
according to the procedure given in section 5.1.1.1.3. These tests showed that the catalytic
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Table 5.3: Survey of the preliminary tests on the enzyme activity in HPMC-lecithin MBGs
containing CaL with scCO2 (35 ◦C, 110 bar) as solvent. % conversion of miscellaneous tested
esterification and transesterification reactions. Reaction time: 3 h unless otherwise stated.
[lauric acid] = 103mM, [propanol] = 207mM, and [1st Reactant] = 100mM unless otherwise
stated.
1st reactant 2nd reactant % conversion
geraniol lauric acid 1.8
nerol lauric acid -
HPA a 1-propanol - b
HPP c 1-propanol - b
1-butyl laurate d 1-propanol 8.9
vinyl acetate e 1-propanol 28.2
a reaction time: 12 h. b not detectable. c reaction time: 6 h.
d 88.4mM. e 202mM.
activity of the enzyme was maintained in all gels excluding any deleterious effect of carbon
dioxide on the lipase.
According to results compiled in Table 5.2, the most appropriate system is the HPMC organogel
formulated with lecithin microemulsion and CaL as catalyst. Consequently, the focus for further
investigations was set on this particular gel type.
In addition to the model reaction, esterification reactions with different alcohols such as geraniol
or nerol, or different acids such as the phenolic acids p-hydroxyphenylacetic acid (HPA) and
p-hydroxyphenylpropionic acid (HPP) were conducted in scCO2 (cf. Table 5.3). In the case of
geraniol and nerol, the 1-propanol in the microemulsion was replaced by 2-propanol in order to
avoid substrate competition. Analysis of the esterification of HPA and HPP, respectively, with
1-propanol was not possible, as neither acids nor esters could be detected after sampling.
Furthermore, transesterification reactions were conducted with scCO2 as external solvent in
order to test the catalytic ability of the immobilised CaL to catalyse this specific reaction type.
The following esters were chosen for the reaction with 1-propanol: butyl laurate, vinyl acetate,
ethyl acetate, ethyl acetoacetate and ethyl crotonate. However, the latter two esters did not
show any conversion with isooctane as solvent within 3 h and the reaction of ethyl acetate was
very slow. Therefore, transesterification reactions in scCO2 were just performed with butyl
laurate and vinyl acetate (35 ◦C, 110 bar). The results from the transesterification reactions can
be found in Table 5.3.
5.1.1.2.2 Effect of pressure
Figure 5.1 shows the effect of pressure on the reaction profiles of the esterification of lauric acid
with 1-propanol and thus on the initial reaction velocities in scCO2 at 35 ◦C. The initial rate
decreases with increasing pressure from 110 bar to 200 bar, and a further raise of pressure does
not affect the reaction velocity anymore.
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Figure 5.1: Influence of pressure on the reaction profiles of the esterification of 103mM lau-
ric acid and 207mM 1-propanol catalysed by CaL encapsulated in a HPMC-lecithin MBG
containing 1.2mg enzyme at 35 ◦C in scCO2.
5.1.1.2.3 Kinetic analysis
Figure 5.2 shows the initial reaction profile of the esterification of 103mM lauric acid with various
concentrations of 1-propanol catalysed by CaL immobilised in a HPMC-lecithin MBG containing
1.2mg enzyme at 35 ◦C and 110 bar in scCO2. Typical profiles are observed with the produced
amounts of ester increasing upon increase of the alcohol concentration up to 207mM. A further
increase of the 1-propanol concentration results in a decrease of the initial rate. The same can
be seen in Figure 5.3 which displays the initial rate as function of the alcohol concentration at
different constant lauric acid concentrations. Again, too high alcohol concentrations lead to an
inhibitory effect.
A Lineweaver-Burk double reciprocal plot of the initial rate vs. the 1-propanol concentration in
the non-inhibitory alcohol concentration range is shown in Figure 5.4. As can be seen, a set of
parallel lines is obtained. Furthermore, Figure 5.5 shows the double reciprocal plot of the initial
velocity as a function of the lauric acid concentration. Again, the plots appear to be parallel for
alcohol concentrations up to 207mM.
5.1.1.2.4 Effect of substrate chain length
The influence of alcohol and acid carbon chain length was studied in both scCO2 and isooctane
as a reference system. For the determination of the changes in the reaction rate in scCO2 with
varying chain length, the conversions after 3 h were chosen. Since the amount of produced
ester is supposed to increase more or less linearly in this time interval, the differences in the
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Figure 5.2: Reaction profile of the esterification of 103mM lauric acid and 1-propanol catalysed
by CaL immobilised in a HPMC-lecithin MBG containing 1.20mg enzyme at 35 ◦C and 110 bar
in scCO2. The insert represents a magnification of the first two 2 h.
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Figure 5.3: Effect of the 1-propanol concentration, [P], on the initial reaction velocity, v.
Esterification of 1-propanol by lauric acid at different fixed concentrations of lauric acid in
scCO2 at 110 bar and 35 ◦C. Lines calculated according to the kinetic model (cf. Equation
(5.1) and Table 5.5).
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Figure 5.4: Double reciprocal plot of the initial reaction velocity, v, as a function of the 1-













  415 mM 1-propanol
  207 mM 1-propanol
  104 mM 1-propanol
 53.1 mM 1-propanol













Figure 5.5: Double reciprocal plot of the initial reaction velocity, v, as a function of the lauric
acid concentration, [L], at different fixed concentrations of 1-propanol in scCO2 at 110 bar and
35 ◦C.
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conversion after 3 h are assumed to correlate to different initial rates. With regard to the
observed reproducibilities in scCO2, the chosen time interval of three hours is considered to be
long enough for secure differentiation of the results above possible error. For the experiments in
the reference system, the initial rates for the different alcohols and acids were determined from
the initial slope of the reaction profile.
The effect of alcohol chain length was studied by following the esterification of lauric acid with
a series of n-alcohols as shown in Figure 5.6. In order to avoid competition reactions with the
internal alcohol of the microemulsion of the organogel, 2-propanol was used for the microemulsion
formulation. This secondary alcohol cannot be converted by CaL under these conditions. It can
be seen that in scCO2 there is an increase of the reaction rate from ethanol to 1-butanol. This
maximum is followed by a sharp decline and a slow increase towards the long chain alcohols.
In isooctane the observed pattern is similar. Only the maximum is shifted from 1-butanol to
1-propanol.
In order to determine the effect of the fatty acid chain length, esterification reactions of a series
of acids with 1-propanol were conducted. As can be seen in Figure 5.7, the results revealed a
diverse behavior in the two media. In scCO2, there is a tendency towards increasing reaction
velocity with increasing number of carbon atoms, whereas in isooctane the initial rate decreases
in the same direction.
5.1.1.2.5 Effect of gel composition
Figure 5.8 shows the effect of changes of the gel composition on the initial rate of the esterification
of lauric acid and 1-propanol in both scCO2 (110 bar) as well as isooctane as solvent at 35 ◦C.
As can be seen, an increase of the HPMC mass fraction, ξHPMC, of the gel and thus a decrease
of the water content, ξH2O, results in an increased initial reaction rate.
In addition, experiments on freezing and melting of water in HPMC gels of different polymer and
thus different water concentration were performed by DSC measurements on freshly prepared
MBGs in a temperature range from −20 ◦C to +25 ◦C. In order to resolve overlapping bands, a
peak-analysis was accomplished with the DSC data (cf. appendix C.1 and Figure 5.9).
The existing amounts of different water types were estimated from the peak areas by using an
equation for the temperature dependent heat of fusion for water derived from thermoporometry
studies [314, 315] (cf. appendix C.2). Preceding DSC measurements on the pure microemulsions
displayed no melting and freezing events in the studied temperature range.
Table 5.4 shows the results for the DSC analysis, which allow the identification of three different
states of water by DSC. The highest melting point at approx. −2 ◦C can be assigned to bulk-
like water which is free water with no or very weak interactions with the polymer. In addition,
there are two different types of interfacial water with weaker (melting point of approx. −5 ◦C
to −7 ◦C; type I) and stronger (melting point approx. −14 ◦C; type II) interactions with the
polymer. The results compiled in Table 5.4 also hint at a fourth type of water in the gel matrix,
as not all water is found by the DSC measurements. This water structure can be classified as
non freezable, bound water with the strongest polymer interactions of all water types.
5.1.1.2.6 Biocatalyst reuse
In order to get a first impression of the operational stability of the HPMC-lecithin gels containing
CaL, they were used three consecutive times. Conversions per gram of gel after successive
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Figure 5.6: Effect of the alcohol chain length on the conversion after three hours reaction time in
scCO2 (35 ◦C; 110 bar) and on the initial rate, v, in isooctane (35 ◦C). Esterification of different
primary alcohols (100mM each) with 100mM lauric acid catalysed by CaL immobilised in
HPMC-containing lecithin MBG.



































Figure 5.7: Effect of the acid chain length on the conversion after three hours reaction time in
scCO2 (35 ◦C; 110 bar) and on the initial rate, v, in isooctane (35 ◦C). Esterification of differ-
ent acids (100mM each) with 200mM 1-propanol catalysed by CaL immobilised in HPMC-
containing lecithin MBG.
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Figure 5.8: Influence of the HPMC mass fraction, ξHPMC, on the synthetic activity of CaL
in lecithin-based MBGs containing 1.20mg enzyme. Esterification of 100mM lauric acid and
200mM 1-propanol at 35 ◦C in scCO2 and isooctane, respectively.

















Figure 5.9: DSC measurement on a HPMC-lecithin MBG (ξHPMC = 0.27, ξH2O = 0.53): heat
flow, Q˙, as function of temperature, Θ (scan rate: 0.5K min−1). Experimental data and
calculated curves for the different water types according to the accomplished peak-analysis.
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Table 5.4: DSC measurements on HPMC-lecithin MBGs with increasing HPMC fraction,
ξHPMC, and thus decreasing water content, ξH2O. Results from heating experiments start-
ing from −20 ◦C with a scan rate of 0.5Kmin−1. Onset temperatures of the different water
peaks and estimated fractions χi with respect to the total water amount in the gel matrix.
Bulk-like water Interfacial water I Interfacial water II
ξHPMC ξH2O
Onset / ◦C χB Onset / ◦C χI Onset / ◦C χII
0.18 0.70 −1.4 0.39 −4.8 0.56 - -
0.27 0.53 −2.2 0.26 −6.7 0.47 −13.9 0.15
0.42 0.42 - - −7.5 0.30 −13.9 0.40
operational steps are shown in Figure 5.10.
In the case of scCO2 a mass loss of gel occurs while pressure is released. The gel is partly flushed
out and crushed into smaller particles while it is pressed through the outlet of the cell resulting
in smaller gel particles with each reuse. While the reaction products can easily be collected, the
recovery of the gel is difficult and not complete at least with the high-pressure apparatus used.
The smaller the gel particles get, the less complete the gel recovery becomes. For the second use
the available gel mass recovered was 83% of the initial gel mass, while for the third application
it was just 45%. After the second reuse the amount of gel was too small to start a fourth cycle.
5.1.1.3 Discussion
5.1.1.3.1 Choice of system
As Table 5.2 shows, HPMC and gelatin MBGs based on both lecithin as well as AOT microemul-
sions are active in scCO2. However, the gels are not completely inert in this medium under the
particular reaction conditions chosen, as the solutions above the gel get turbid. This might in-
dicate that some components are partially extracted from the gel. Nevertheless, all gels exhibit
catalytic activity.
As can be seen in Figure 5.8, the esterification between lauric acid and 1-propanol catalysed
by CaL in HPMC-lecithin organogels in scCO2 displayed initial rates higher than those in the
reference system isooctane. In terms of conversion this reaction yielded 36.5% after 3 h. Such a
conversion can be considered to be quite high as compared to data reported on similar enzymatic
reactions in carbon dioxide. Srivastava et al. [266] reported just 18% conversion for the reaction
between myristic acid and ethanol in a batch reaction with a total volume of 6mL using 10mg
of crude lipase, an enzyme quantity which is eight times higher than in the present study.
Steytler et al. [316] presented the esterification of lauric acid with butanol catalysed by supported
Candida lipase with a conversion of about 20% within 3 h. Here again, the quantity of enzyme
used is very high with 2.4 g in a reactor volume of 120mL. Furthermore, comparing to other
studies [259, 262] concerning lipase catalysed reactions in scCO2, it seems that one of the main
advantages of MBGs is the very small quantity of enzyme required for the efficient catalysis of
such reactions (here: 1.20mg).

































Figure 5.10: Catalytic activity of CaL immobilised in a HPMC-lecithin MBG containing
1.20mg enzyme towards repeated synthesis of 1-propyl laurate. Esterification of 100mM
lauric acid and 200mM 1-propanol.
The experiments with the phenolic acids HPA and HPP reveal a general restriction for the use of
HPMC-based MBGs. Although these two acids can be esterified with 1-propanol catalytically
in lecithin microemulsions containing CaL, the use of HPMC-based MBGs is not possible as
the acids are absorbed and can no longer be detected in the solutions above the gels. This
can be directly observed for both acids in reactions in isooctane with continuous sampling after
predefined time-intervals, as the amount of acid detected by GC is continuously decreasing until
complete absorption. Consequently, HPMC MBGs can not be applied for esterification reactions
of acids that show too strong interactions with the gel matrix.
Furthermore, the HPMC-lecithin MBGs with CaL lipase are capable to catalyse transesterifica-
tion reactions in scCO2. However, the initial test with the gels in isooctane showed that not all
esters might be suitable for catalytic transesterification with the MBG system investigated. For
esters with additional functional groups or double bonds within the alkyl chain no conversion
was observed after three hours of reaction time. Similarly, the branched alcohols geraniol and
nerol containing a double bond react very slowly.
5.1.1.3.2 Effect of pressure
The effect of pressure on enzymatic reactions in scCO2 has been the subject of investigation
in several studies. However, the influence of pressure on this kind of reactions is still not fully
understood due to contradictory results [317].
Randolph et al. [257] reported a linear increase of the oxidation rate of cholesterol with increasing
pressure in the range from 80 bar to 100 bar, when using scCO2 saturated with the substrate.
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This was explained by an increase of cholesterol solubility as well as an increase of the cholesterol
aggregation in the particular pressure range. Similarly, Steytler et al. [316] observed an increase
in the esterification rate of lauric acid with butanol catalysed by Candida lipase B when the
pressure was increased stepwise from 150 bar to 500 bar. The authors attributed this effect to a
higher adsorption of the synthesised ester on the enzyme bed as the solvent capacity of scCO2
decreases with decreasing pressure. Furthermore, Miller et al. [318, 319] reported an increase of
reaction rate with pressure. They studied the interesterification of trilaurin and myristic acid
in scCO2 saturated with the substrates at pressures in the range from 80 bar to 110 bar. Again,
this increase was contributed to the increase of solubility of the substrates in the carbon dioxide.
In contrast, Vermue¨ et al. [320] observed a decline of the reaction rate in the transesterification
of nonanol and ethyl acetate when rising the pressure in the system. The same observation was
made by Erickson et al. [321], who studied the transesterification between trilaurin and palmitic
acid catalysed by immobilised lipase of Rhizopus arrhizus in scCO2 and supercritical ethane,
respectively. They found the same behaviour in both solvents and deduced that the decrease
in the reaction rate with increasing pressure is not a pH effect, since ethane is not acidic in
contrast to CO2. In conclusion, they attributed the pressure effect to changes of the reactants’
partitioning between the supercritical fluid and the vicinity of the enzyme. Likewise, Rantakyla¨
and Aaltonen [262] reported a decrease of reaction rate with rising pressure in the enantioselective
esterification of racemic ibuprofen with 1-propanol catalysed by Lipozyme IM 20.
Finally, Ikushima et al. [322] and Nakaya et al. [317] observed even a peak of the initial rate at
the vicinity of the critical point of carbon dioxide. They studied the esterification of n-valeric
acid by citronellol catalysed by Candida cylindracea lipase at 35 ◦C and the transesterification
between triolein and stearic acid catalysed by Lipozyme IM at 50 ◦C, respectively.
Recapitulating, Nakaya et al. [317] stated that at pressures above the critical region an increase
of pressure results in an increase of reaction rate, if the amount of substrates is higher than the
solubility limit, as this results in increasing substrate concentrations with pressure. On the other
hand, an increase of pressure results in a decline of reaction velocity in the case of concentrations
below saturation.
In the present study the reason for the decrease of the reaction rate with increasing pressure
might be similar to the explanation by Erickson et al. [321]. The rising pressure is accompanied
by an increase of the solvating power of scCO2, which means that the solubility of lauric acid
and 1-propanol in the supercritical phase rises. Due to this solvation effect, the partitioning of
the substrates between the supercritical fluid, the oil phase of the microemulsion in the gel and
the immediate vicinity of the enzyme is changed. The enzyme environment is depleted with
regard to the substrates, which causes a decline in the reaction rate. As soon as the partitioning
of the substrates is virtually shifted to the supercritical phase, a further increase of pressure
should no longer result in a further depletion in the enzyme environment, i.e. that the initial
rate should no longer be affected by the rise of pressure. The plateau observed in Figure 5.1 is
in accordance with the latter hypothesis.
5.1.1.3.3 Kinetic analysis
The results of the kinetic analysis (cf. section 5.1.1.2.3) indicate that a Ping Pong Bi Bi mech-
anism with dead-end inhibition by alcoholic substrate (1-propanol) occurs in this system. The
same mechanism has been proposed for various esterification or transesterification reactions
catalysed by both free and immobilised lipases:
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Figure 5.11: Cleland notation of a Ping Pong Bi Bi reaction with dead-end inhibition by
excess of alcohol (cf. e.g. [149, 297]). A: lauric acid. B: 1-propanol. P: water. Q: product
– 1-propyl laurate. E: free lipase. E*: modified lipase. EA: lipase-lauric acid complex. EB:
lipase-propanol dead-end complex. E*P: modified lipase-water complex. E*B: modified lipase-
propanol complex. EQ: lipase-propyl laurate complex.
Stamatis et al. [323] suggested this mechanism for the esterification of lauric acid and (-)-menthol
catalysed by free Penicillium simplicissimum lipase in an AOT-based microemulsion in isooc-
tane. Kinetic studies by Condoret et al. concerning the esterification of oleic acid and ethanol
[324, 325] and the transesterification of propyl acetate and geraniol [259, 326, 327] by immobilised
M. miehei lipase (Lipozyme) revealed a Ping Pong Bi Bi mechanism with inhibition by excess of
alcohol (ethanol and geraniol, respectively) for both n-hexane and scCO2 as reaction medium.
Furthermore, this reaction mechanism has also been proposed for lipases encapsulated in MBGs:
Jenta et al. [141] investigated the synthesis of octyl decanoate catalysed by Chromobacterium
viscosum lipase immobilised in AOT microemulsion-based organogels formulated with gelatin.
Recently, Delimitsou et al. [153] reported on the esterification of lauric acid and 1-propanol by
means of a HPMC MBG containing an AOT microemulsion with M. miehei lipase.
According to the Ping Pong Bi Bi mechanism model, the lipase reacts with the lauric acid
to form a lipase-acid complex, which is then transformed to a carboxylic lipase by release of
water. A subsequent nucleophilic attack of the alcohol on this intermediate results finally in
the regeneration of the enzyme and the release of the ester. A possible explanation for the
alcohol inhibitory effect might be the following hypothesis: 1-propanol reacts with the free
lipase, a dead-end complex is formed, and the lipase cannot further participate in the reaction.
Figure 5.11 shows the Cleland notation for this kind of mechanism. The general rate equation
[297] is given in Equation (5.1), where v is the initial velocity, vmax is the maximum velocity
under saturation conditions, KAm and K
B
m are the Michaelis-Menten constants of the acid and











The kinetic constants were determined by fitting the experimental data to Equation (5.1) by non-
linear regression and values are given in Table 5.5. In Figure 5.3, symbols represent experimental
5.1 Organogels as enzyme immobilisation matrix 75
Table 5.5: Apparent kinetic constants for scCO2 according to Equation (5.1). Esterification of
lauric acid and 1-propanol catalysed by CaL encapsulated in a HPMC-lecithin MBG containing
1.2mg enzyme at 35 ◦C and 110 bar in scCO2. A and B refer to the substrates lauric acid and
1-propanol, respectively.
Apparent kinetic constants HPMC-lecithin MBG in scCO2
KAm/mM 22.9± 6.80
KBm/mM 56.4± 10.8
KBi /mM 367± 205
vmax/mMmin−1 0.420± 0.039
data, whereas lines represent the kinetic model according to Equation (5.1).
The determined kinetic constants represent apparent ones, as the esterification does not take
place in a homogeneous medium and the constants are probably affected by internal diffusion,
i.e. substrate transport from the surface of the organogel to the microenvironment of the enzyme.
In spite of the unstirred solution, the influence of the diffusion within the solvent should be small
because of the high diffusivity in supercritical fluids [11].
Plots (not shown) of the measurements in isooctane according to the Figures 5.3, 5.4 and 5.5
likewise indicate that a Ping Pong Bi Bi mechanism occurs. However, due to the poor repro-
ducibility fitting of the data according to Equation (5.1) results in error bars greater than the
numerical values of the respective kinetic constants. Thus, a direct comparison between the
kinetic constants in the two different solvents can not be accurately drawn.
5.1.1.3.4 Effect of substrate chain length
Reactions of various alcohols in both media indicated no significant differences concerning the
effect of the alcohol chain length on the initial rates in scCO2 and isooctane, respectively, except
for the case of 1-propanol. It is known that the different partitioning of alcoholic substrates in
various phases of the system influences the catalytic behavior of lipases in AOT or lecithin mi-
croemulsions [328]. Thus, differences in the reaction rates for different alcohols can be attributed
to the diverse partitioning of the alcohols between the (organic) solvent and the microenviron-
ment of the immobilised lipase.
Consequently, the observed maximum in the reaction rate for 1-butanol in scCO2 can be at-
tributed to the high solubility of this alcohol in the vicinity of the enzyme displaying the good
co-surfactant property of this alcohol. Similar observations have been made in other studies
on the effect of alcohol chain length on lipase activity. Sawant et al. stated a maximum in
the initial rate for 1-butanol for both immobilised M. miehei lipase [329] as well as for soluble
Lipolase 100 L in a biphasic reaction system [330]. In addition, Delimitsou et al. [153] reported
the same finding for M. miehei lipase immobilised in a HPMC-containing AOT MBG at 25 ◦C
with isooctane as external solvent.
However, in the present study the maximum in isooctane is shifted to 1-propanol. Allowing for
the fact that the microemulsions of the organogels were formulated with 2-propanol in order
to avoid competition reactions, a possible explanation might be the following hypothesis: an
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exchange of the inner (2-propanol) and the outer (1-propanol) alcohol proceeds in isooctane
leading to a higher concentration of the reactant in the microenvironment of the enzyme and
consequently to a maximum for 1-propanol, whereas this substitution does not occur to the same
extent in scCO2 hindering the external 1-propanol from reaching the enzyme. This would also
explain the maximum for 1-butanol found in the above mentioned study on M. miehei lipase
immobilised on HPMC-containing AOT MBG [153], a system that does not contain an internal
alcohol in the microemulsion of the gel.
Investigations concerning the influence of acid chain length on the initial rate of esterifications
catalysed by lipases immobilised on MBGs have not yet been reported in the literature. So far,
just the differences in the final yield of ester have been investigated with respect to changes in
the alkyl chain length of the acids [7, 149, 152].
In the case of acids with different chain length, the behavior in scCO2 and isooctane is completely
different. In scCO2 the initial rate increases with increasing chain length, whereas in isooctane
there is a decline of the reaction rate towards longer acids. Again, this can be attributed to a
different partitioning of the acids between the solvent and the microenvironment of the enzyme.
The longer the chains of the acids become, the more alkane-like they behave, which results in
an increasing solubility in isooctane and a decreasing solubility in scCO2. This means that in
scCO2 the concentration of the acids in the vicinity of the enzyme increases with increasing chain
length leading to higher reaction rates. In contrast, the surrounding of the enzyme is depleted,
if the solvent is isooctane.
Furthermore, it seems that the reaction system consisting of the enzyme immobilised on the
MBG prefers the acids with 6, 10, and 14 C-atoms to the acids with 8 and 12 C-atoms, as the
initial rates for the latter acids are lower compared to the former ones. Obviously, this is not
affected by the change in the solvent as it can be seen from both curves in Figure 5.7.
5.1.1.3.5 Effect of gel composition
Figure 5.8 indicates an increase in the reaction rate with increasing HPMC mass fraction. The
same has already been reported for the catalytic esterification of lauric acid and 1-hexanol using
agar- or HPMC-based organogels containing M. miehei lipase entrapped in an AOT microemul-
sion [153]. The effect was observed for both solvent-free reactions (1-hexanol as solvent) as
well as reactions carried out in isooctane. In addition, a similar behavior has been reported on
the esterification of 1-propanol with lauric acid catalysed by Rhizomucor miehei as well as C.
antarctica lipase in organogels formulated with lecithin microemulsions [152].
The different states of water in (hydro-)gels based on cellulose or cellulose derivatives have
been the subject of investigations by many authors. A review was given by Ford and Mitchell
[331]. The majority of authors discusses models of gel structures displaying three different
states of water. These are generally bound water, free (unbound) water and weakly bound or
interfacial water [331]. Taniguchi and Horigome [332] described four different states of water in
cellulose acetate membranes, namely completely free water, free water interacting weakly with
the polymer, bound water which can contain salts, and bound water which rejects salts.
The present DSC measurements on organogels also hint at four different states of water in a
similar way as those mentioned above. It was found that the different water types of the organo-
gel matrix depended on the HPMC mass fraction. The matrix of the gel with the highest water
content shows bulk-like water and interfacial water I, whereas the gel with the highest HPMC
fraction contains just the two types of interfacial water. The gel with medium composition dis-
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plays all three different water types in lower concentration with respect to the two gels mentioned
before. The initial rates of the enzymatic reaction correlate with this change in water structure:
increasing interfacial water II and thus decreasing bulk-like water content leads to an increase
of the reaction rate. A possible explanation for this behavior might be that the diffusion of the
reactants to the enzyme located in the microemulsion through the gel matrix is less impeded
by weaker interactions with the more strongly bound and thus more apolar water. A similar
conclusion was drawn for changes in the semipermeability of cellulose membranes [332] and the
modulation of drug release from cellulose matrix tablets, where the interactions between drugs
and the hydrating gel layer around the tablets seem to be at least partly responsible for changes
in the drug release [331].
Another explanation might be a change of the total surface area of the gels. Although all gels
were cut into several pellets of approx. equal size, the gels differ quite strongly from each other
in the outward appearance. HPMC gels with high water content are cohesive and are in a way
similar to gelatin-based MBGs. In contrast, the gels with high HPMC content appear to consist
of many loose gel particles sticking together. Hence the change from low to high HPMC fraction
might lead to an increase of the total surface area of the gels and might thus minimise diffusion
distances in the gel.
The influence of the surface area of MBGs on the reaction rate has first been observed by
Jenta et al. [8]. They reported that granulated gelatin-based gels with a AOT microemulsion
containing Chromobacterium viscosum lipase behave differently from pelleted MBGs of the same
composition. The observed initial rates were generally higher for the granulated gels having
a higher surface area per unit volume than the pellets. They attributed this effect to the
importance of diffusion distances. Furthermore, Hedstro¨m et al. [333] conducted a study on the
influence of the gel surface area on the initial rate of gelatin AOT MBGs with C. antarctica lipase
and were able to show that the extrapolated initial rate of hypothetical pellet gels with infinitely
large areas are in good agreement with those obtained for granulated MBGs representing gels
where diffusion distances are minimised.
5.1.1.3.6 Biocatalyst reuse
The operational stability of an immobilised enzyme, i.e. the ability to reuse it, is an important
parameter determining the economic viability of a biocatalytic process. As can be seen in
Figure 5.10, the lipase activity in both solvents is quite well preserved. It should be noted that
in the case of scCO2 the mass loss due to the sudden depressurising of the high-pressure cell,
leads by itself to a decline of activity as the total enzyme concentration in the cell decreases.
Nevertheless, the slight decrease of activity is comparable in both solvents, i.e. scCO2 obviously
does not negatively influence the operational stability of the HPMC gels containing lipase.
However, due to the limited number of reuses the experiments can just give preliminary and
rough initial insight to the operational stability of the CaL immobilised on the HPMC-lecithin
MBG. In order to get a further impression of the reusability of the organogels, the number of
reuses should be increased and the MBGs should also be investigated in a continuous reaction-
separation process. This seems a realistic scenario for a future scale up of the MBG use in
scCO2 in which no depressurising steps would deteriorate the biocatalyst. At the present stage
of the high-pressure apparatus these experiments could not be carried out as the equipment does
neither allow continuous sampling nor continuous addition of substrates under constant pressure
(cf. section 3.6).
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5.1.1.4 Conclusion
The present study demonstrates that microemulsion-based organogels formulated with HPMC
and gelatin can be used as solid-phase catalysts in liquid and supercritical carbon dioxide as
external solvents for substrates. Lipase hosted in MBGs retains its ability to catalyse esterifica-
tion reactions of fatty acids and alcohols and transesterifications in these media. Furthermore,
the initial rates of the model esterification reaction of lauric acid and 1-propanol are higher in
scCO2 than in the corresponding isooctane system.
With a focus on HPMC-based organogels formulated with lecithin microemulsions containing
C. antarctica lipase, it has been shown that the mechanism of the chosen model esterification
of lauric acid and 1-propanol seems to be of the Ping Pong Bi Bi type with dead-end inhibition
by excess of alcohol. In addition, the effect of pressure on the initial rate of the esterification
displayed a similar behaviour as described in literature for reactant concentrations below sat-
uration. The influence of alcohol and acid chain length on the initial rate revealed significant
differences between isooctane and scCO2. This can be attributed to different partitioning of
the reactants in the two solvents. In contrast, the effect of gel composition on the reaction rate
is similar in both solvents. Further, DSC measurements on the gels of different composition
gave additional insight into the observed increase of reaction velocity with increasing polymer
fraction.
Biocatalyst reuse experiments in scCO2 showed that the slight decrease of activity is similar
to that observed in isooctane. Provided that continuous reaction-separation processes lead to
similar conclusions, the combination of MBGs with the solvent scCO2 represents a promising
“green” reaction system for bioconversions. It should be noted that in such a combination the
amount of less green substances such as the constituents of the microemulsion and the enzyme
is very small.
In summary, the potential of reusable MBGs in biocatalytic processes involving enzymes with
high biotechnological value can be combined with the tunable solvent and solvation properties
of scCO2 and hence with the superior reaction-separation processes based on supercritical fluids.
5.1.2 Organogels based on detergentless microemulsions
Recently, Zoumpanioti et al. [165] reported on the ability of lipases immobilised in detergentless
HPMC MBGs to catalyse esterification reactions in isooctane. The present work provides an
extension of their work to scCO2 as external solvent. Results are discussed with reference to the
results obtained from the investigation of the catalytic behaviour of MBG-encapsulated CaL in
scCO2 (cf. section 5.1.1) and to the findings of Zoumpanioti et al. [165].
5.1.2.1 Experimental
5.1.2.1.1 Materials
The following materials were used for the investigation of lipase catalysed reactions with organo-
gels based on detergentless microemulsions: CaL, carbon dioxide, n-hexane, HPMC, hydrochloric
acid, isooctane, lauric acid, 1-propanol, Tris, and Millipore Milli-Q water. Details concerning
their (chemical) properties and sources of supply can be found in section 5.1.1.1.1.
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5.1.2.1.2 Preparation of organogels
Organogels based on detergentless microemulsions were prepared as described by Zoumpanioti
et al. [165]. The actual detergentless microemulsion/gel composition chosen for the experiments
with scCO2 refers to the one which displayed the highest activity with isooctane as external
solvent according to the study by Zoumpanioti et al.
Preparation of detergentless microemulsions. Detergentless microemulsion-like systems for
HPMC-based organogels were prepared by adding 20.0µL 200mM Tris/HCl pH7.5 buffer (cf.
section 5.1.1.1.2) containing 1.20mg of CaL to a binary solution comprised of 472µL n-hexane
and 508µL 1-propanol. Subsequent vigorous shaking for several seconds yielded stable trans-
parent solutions.
Gelation of detergentless microemulsions. The lipase-containing organogels were prepared
by introducing appropriate amounts of surfactantless microemulsion to a mixture of HPMC
and water in a similar manner as described in section 5.1.1.1.2 for the HPMC organogels with
lecithin-based microemulsions. In a typical experiment, an entire detergentless microemulsion
prepared as described above was gelled with 1.0 g HPMC and 2.0mL water at room temperature.
5.1.2.1.3 Lipase-catalysed reactions
Esterification reactions in scCO2 catalysed by CaL immobilised in organogels based on detergent-
less microemulsions were carried out as described in section 5.1.1.1.3 for the HPMC organogels
based on conventional microemulsions. All experiments were performed at 35 ◦C and 110 bar.
5.1.2.1.4 Biocatalyst reuse
Reuse experiments with detergentless MBGs in scCO2 were performed as described in section
5.1.1.1.5 for HPMC-lecithin organogels.
5.1.2.2 Results
5.1.2.2.1 Reaction profiles
In the present study, the ability of CaL immobilised in detergentless MBGs to catalyse esteri-
fication reactions in scCO2 was investigated. As in the case of the experiments concerning the
catalytic behaviour of MBG-encapsulated lipases with scCO2 as external solvent, the condensa-
tion of lauric acid and 1-propanol was chosen as model esterification reaction.
Figure 5.12 shows the initial reaction profile of the esterification of 103mM lauric acid and
207mM 1-propanol catalysed by CaL entrapped in a HPMC-based detergentless MBG containing
1.2mg lipase. The profile is shown in comparison to the profile obtained for the same amount of
enzyme immobilised in a HPMC organogel based on a conventional lecithin microemulsion (cf.
section 5.1.1.2.3 and Figure 5.2).
5.1.2.2.2 Biocatalyst reuse
In order to obtain initial data concerning the operational stability of CaL entrapped in deter-
gentless MBGs, three consecutive batch reactions were carried out in scCO2.
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Figure 5.12: Reaction profiles for the esterification of 103mM lauric acid and 207mM 1-
propanol catalysed by CaL immobilised in HPMC-based organogels: comparison between
detergentless and lecithin-based microemulsion.
Figure 5.13 shows the conversions per gram of gel after successive operational steps in comparison
to the results obtained for the reuse of HPMC lecithin MBGs in scCO2 (cf. section 5.1.1.2.6 and
Figure 5.10).
As in the case of the latter organogels, the pressure release after each batch reaction results in
a loss of gel. The available amount of gel for the second use was 90% of the initial gel mass,
while for the third reaction cycle it was just 44%. The mass of gel recovered after the second
reuse was likewise insufficient in order to start of a fourth cycle.
5.1.2.3 Discussion
As can be seen from Figure 5.12, CaL immobilised in surfactantless HPMC MBGs exhibits a
lower catalytic activity in scCO2 than CaL entrapped in HPMC organogels based on a lecithin
microemulsions. However, Figure 5.13 indicates that the activity of the lipase is better preserved
in the detergentless organogel than in the lecithin-based MBG. Despite the fact that a loss of
gel mass and thus of enzyme occurs, the conversion per gram of gel even increases, whereas in
the case of the conventional MBG the activity decreases.
A similar behaviour has been reported by Zoumpanioti et al. [165] for esterification reactions
with isooctane as external solvent. The authors investigated lipases (CaL and M. miehei lipase,
respectively) immobilised in HPMC MBGs based on both various detergentless microemulsion-
like systems and AOTmicroemulsions. They reported that the reaction rate of the ester synthesis
after 7 runs (24 h reaction time) decreased by approx. 15% in detergentless MBGs and by
approx. 30%-50% in AOT-based MBGs. In the case of CaL entrapped in a detergentless MBG,


































Figure 5.13: Catalytic activity of CaL immobilised in HPMCMBGs containing 1.20mg enzyme
towards repeated synthesis of 1-propyl laurate in scCO2: comparison between detergentless
and lecithin-based microemulsion. Esterification of 103mM lauric acid and 207mM 1-propanol
at 35 ◦C and 110 bar.
the authors even found an increase of the initial rate during the first 5 batch reactions, before
a loss of activity occurred. Moreover, Zoumpanioti et al. investigated the storage stability of
the immobilised lipases and found that the surfactantless MBGs exhibited a significantly higher
catalytic activity than the conventional MBGs after a storage period of 6 months at 4 ◦C. The
authors concluded that the catalytic activity of both lipases was better preserved in surfactantless
MBGs than in AOT-based MBGs.
5.1.2.4 Conclusion
In the present study, C. antarctica immobilised in organogels based on detergentless microemul-
sions was tested for catalytic activity in scCO2. It was found that the entrapped lipase retains
its ability to catalyse esterification reactions. Accordingly, the respective gels can be utilised as
solid-phase catalysts in this reaction medium.
In summary, the surfactantless MBGs represent an alternative to organogels based on conven-
tional microemulsions, particularly as the results obtained so far in both isooctane and scCO2
indicate that detergentless MBGs exhibit a better operational and storage stability than organo-
gels formulated with classical microemulsions. However, as already stated for the HPMC-lecithin
MBGs (cf. section 5.1.1.4), the limited number of reuse experiments in scCO2 requires further
investigations concerning this topic.
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5.1.3 Phytantriol-based organogels
Phytantriol (3,7,11,15-tetramethyl-1,2,3-hexadecanetriol) is a well-known active ingredient for
the cosmetics industry [334, 335, 336, 337].
It improves the moisture retention properties of hair and skin and acts as penetration enhancer
for other care chemicals such as panthenol, vitamins, and amino acids. The latter active sub-
stances display an increased caring effect due to a more effective deposition in hair and skin.
Accordingly, phytantriol is applied in formulations for skin (vitamin) creams, sun care agents,
shampoos, hair rinses, and hair treatments.
In the present study, initial tests concerning the potential application of phytantriol-based
organogels as enzyme immobilisation matrix were performed with both isooctane and scCO2
as external solvent. Phytantriol-based gels represent a new type of organogels, which can pre-
pared by gelation of a mixture of phytantriol and water (or buffer containing lipase) with HPMC
as gelling agent. The investigation of these lipase-containing gels aims at the avoidance of any
(volatile) organic solvent in the preparation and application of organogels as solid-phase cat-
alysts: in contrast to MBGs, which contain substantial amounts of organic solvent(s) in their
microemulsion part, organogels based on phytantriol would allow enzyme-catalysed reactions in
scCO2 in the absence of organic solvents.
In order to get a first impression of the parameters affecting the catalytic activity of enzyme-
containing phytantriol-based organogels, the initial tests with entrapped lipase from M. miehei
were predominantly performed with isooctane as external solvent. As in the case of the MBGs,
the esterification of lauric acid and 1-propanol was chosen as model reaction. Apart from the
operational stability, the influence of the mass fractions of biopolymer and phytantriol on the
initial reaction velocity was studied. Furthermore, activity tests in scCO2 were performed.
5.1.3.1 Experimental
5.1.3.1.1 Materials
Phytantriol (technical, ≥ 85% (GC)) was obtained from Fluka and used without further purifi-
cation.
In addition, carbon dioxide, HPMC, hydrochloric acid, isooctane, MmL, lauric acid, 1-propanol,
Tris, and Millipore Milli-Q water were used for the experiments with phytantriol-based organo-
gels. Details concerning their (chemical) properties and sources of supply can be found in section
5.1.1.1.1. Unless otherwise stated, the lipase had a specific activity of 242Umg−1 (cf. section
5.1.1.1.1).
5.1.3.1.2 Preparation of gels
Preparation of phytantriol-based organogels. The phytantriol-based organogels were prepared
by mixing appropriate amounts of phytantriol with 20.0µL 200mM Tris/HCl pH7.5 buffer (cf.
section 5.1.1.1.2) containing MmL followed by gelation of this mixture with 1.0 g HPMC and
2.0mL water at room temperature. Due to the high viscosity of phytantriol, the intermixing of
the buffer solution and the phytantriol was established by means of a spatula.
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Preparation of hydrogels. Apart from phytantriol-based organogels, lipase-containing aqueous
gels formulated without the addition of phytantriol were used for the investigation of the effect
of the phytantriol mass fraction on the enzymatic activity.
These so-called hydrogels were prepared by addition of 20.0µL 200mM Tris/HCl pH7.5 buffer
(cf. section 5.1.1.1.2) containing MmL to a mixture of 1.0 g HPMC and 2.0mL water at room
temperature followed by vigorous mixing by means of a spatula.
5.1.3.1.3 Lipase-catalysed reactions
Isooctane as external solvent. Lipase-catalysed reactions with phytantriol-based organogels in
isooctane were carried out as described in section 5.1.1.1.3 for the microemulsion-based organo-
gels.
Carbon dioxide as external solvent. Except for the addition of the substrates, lipase-catalysed
reactions with phytantriol-based organogels in scCO2 were carried out as described in section
5.1.1.1.3 for the microemulsion-based organogels. Appropriate amounts of lauric acid were added
to the freshly prepared gels before sealing the cell. Consequently, the reactions were started by
the injection of pure 1-propanol.
5.1.3.1.4 Biocatalyst reuse
For the determination of the operational stability of the MmL immobilised in phytantriol-based
HPMC organogels, the gels were reused in consecutive independent batch reactions in isooctane.
Each reaction was continued for 24 h at 35 ◦C, and the total volume of the batch was 32.1mL
in each case. In order to remove products and unreacted substrates, the organogels containing
lipase were washed three times with 30mL isooctane after each run.
5.1.3.2 Results
5.1.3.2.1 Preliminary tests
The aim of this study was to test phytantriol-based organogels with regard to their potential
application as enzyme immobilisation matrix for catalytic reactions. As first reaction medium
isooctane was chosen for the esterification of lauric acid and 1-propanol. The preliminary tests
showed that MmL entrapped in this new kind of organogel is catalytically active. Typical
reaction profiles (data not shown) could be obtained.
It was observed that the solutions above the gels became slightly turbid. Analysis of the re-
action by GC (cf. appendix B.2.3) revealed that the turbidity was caused by the extraction
of phytantriol from the gel, the amount of eluted phytantriol increasing during the reaction
course. This loss of phytantriol is accompanied by a change of the outward appearance of the
gel: the freshly prepared organogel is cohesive and sticky, while the used (after 24 h reaction
time) gel seems to consist of many loose gel particles sticking together. On that score, the latter
gel resembles conventional HPMC-lecithin MBGs (cf. section 5.1.1.3.5). However, subsequent
reuse experiments with the phytantriol-based organogels showed that the catalytic behaviour
was maintained in the gels despite the elution of phytantriol.
Due to these findings, special attention was focussed on the extraction of phytantriol in all
following experiments concerning gel composition and reuse.
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5.1.3.2.2 Effect of gel composition
The effect of the gel composition on the catalytic activity of the immobilised enzyme was in-
vestigated in two different series of experiments. The MmL used for both series had a specific
activity of 146.880Umg−1 (Lot & Filling Code: 16008/1 22003179).
As in the case of the classical MBGs (cf. 5.1.1.2.5), the influence of changes of the HPMC mass
fraction, ξHPMC, on the initial rate was investigated. For the respective series of experiments,
mixtures of 1.00 g phytantriol and 20.0µL 200mM Tris/HCl pH7.5 buffer containing 0.24mg
MmL were gelled with HPMC/water mixtures with different biopolymer concentrations.
Figure 5.14 shows the effect of the HPMC mass fraction on the catalytic activity of MmL
entrapped in a phytantriol-based organogel at 35 ◦C with isooctane as external solvent: at low
HPMC concentration an increase of the HPMC mass fraction, ξHPMC, of the gel and thus a
decrease of the water content, ξH2O, results in a drastic increase of the initial reaction rate,
while changes in the HPMC concentration at higher mass fractions (ξHPMC ≥ 0.25) do virtually
not affect the reaction velocity.
In addition, the influence of changes in the phytantriol mass fraction, ξphytantriol, on the en-
zymatic activity at a certain constant matrix composition was the subject of investigation in
isooctane. In this case, the organogels were prepared by gelation of appropriate amounts of
phytantriol and 20.0µL 200mM Tris/HCl pH7.5 buffer containing 0.24mg MmL gelation with
1.0 g HPMC and 2.0mL water.
Figure 5.15 reveals that the enzyme activity strongly depends on the phytantriol mass frac-
tion, ξphytantriol: at low phytantriol content the initial rate increases with increasing phytantriol
concentration, while it is practically not influenced by changes in the phytantriol amount at
higher mass fractions (ξphytantriol ≥ 0.25). As can be seen, the MmL immobilised in hydrogels
formulated without the addition of phytantriol displays the least activity.
With regard to the observed elution of phytantriol, a GC analysis was performed in order to
estimate the eluted amount after 24 h reaction time as a function of the initial phytantriol
mass fraction. These measurements indicate that approx. 75% of the phytantriol used for the
preparation of the gel is extracted and dissolved in the external solvent, independently of the
initial phytantriol concentration in the gel.
5.1.3.2.3 Biocatalyst reuse
Figure 5.16 shows the operational stability of MmL entrapped in a phytantriol-based organo-
gel towards the repeated batchwise esterification between 100mM lauric acid and 200mM 1-
propanol in isooctane at 35 ◦C.
As far as the elution of phytantriol is concerned, it was observed that significant amounts of
extracted phytantriol after 24 h reaction time could be detected for the first two reaction cycles.
In the subsequent batch reactions only traces of phytantriol could be found in the solutions
above the gel.
5.1.3.2.4 Reactions with supercritical carbon dioxide as external solvent
In addition to the esterification reactions in isooctane, activity tests in scCO2 as external solvent
were performed with the lipase-containing phytantriol-based organogels. With regard to the
already mentioned problems in the recovery of (detergentless) MBGs (cf. section 5.1.1.2.6 and
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Figure 5.14: Influence of the HPMC mass fraction, ξHPMC, on the catalytic activity of MmL
(146.880Umg−1; Lot & Filling Code: 16008/1 22003179) in phytantriol-based organogels
containing 0.24mg enzyme. Esterification of 100mM lauric acid and 200mM 1-propanol at
35 ◦C in isooctane.
















Figure 5.15: Influence of the phytantriol mass fraction, ξphytantriol, on the catalytic activity of
MmL (146.880Umg−1; Lot & Filling Code: 16008/1 22003179) in phytantriol-based organo-
gels containing 0.24mg enzyme. Esterification of 100mM lauric acid and 200mM 1-propanol
at 35 ◦C in isooctane.
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Figure 5.16: Initial rates and conversions after 24 h towards repeated synthesis of 1-propyl
laurate catalysed by MmL immobilised in a phytantriol-based HPMC organogel containing
0.22mg enzyme. Esterification of 100mM lauric acid and 200mM 1-propanol at 35 ◦C in
isooctane.
section 5.1.2.2.2), reuse experiments in scCO2 were not carried out, particularly as the same loss
of gel could be observed with the phytantriol-based gels when depressurising.
The reaction profile for the esterification of 103mM lauric acid and 207mM 1-propanol catalysed
by MmL entrapped in a phytantriol-based HPMC organogel containing 0.22mg enzyme at 35 ◦C
and 110 bar in scCO2 as external solvent is given in Figure 5.17.
5.1.3.3 Discussion
5.1.3.3.1 Preliminary tests
MmL immobilised in phytantriol-based organogel is catalytically active in isooctane as external
solvent. However, the gels are not inert in this medium, as phytantriol is extracted from the gel.
It should be noted that the elution of phytantriol might result in a slight loss of enzyme despite
the fact that the gels exhibit catalytic activity in subsequent reactions.
In the present study, no efforts were attempted to optimise both gel composition and preparation
with regard to the observed phytantriol extraction. Further work is, thus, required in order to
determine whether a variation of these two parameters allows the minimisation of the phytantriol
loss.
5.1.3.3.2 Effect of gel composition
As can be seen from Figures 5.14 and 5.15, the enzymatic activity of MmL entrapped in
phytantriol-based organogels depends strongly on the composition of the gel.
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Figure 5.17: Reaction profile of the esterification of 103mM lauric acid and 207mM 1-propanol
catalysed by MmL immobilised in a phytantriol-based HPMC organogel containing 0.22mg
enzyme at 35 ◦C and 110 bar in scCO2.
Figure 5.14 indicates – at least partly – an increase in the reaction rate with increasing HPMC
mass fraction. A similar behaviour has been observed for the HPMC-lecithin MBGs studied in
this present work (cf. section 5.1.1.2.5) and has also been described for other MBGs in literature
[152, 153].
The MmL in the hydrogel displays a significantly lower reaction rate in comparison to the
organogels formulated with phytantriol indicating that the presence of phytantriol increases the
catalytic activity of the enzyme. A possible explanation for this effect might be that the phy-
tantriol/water system is capable of providing an oil/water interface for the interfacial activation
(cf. section 2.3.3) of the lipase. This hypothesis is in agreement with phase behaviour studies
on the phytantriol/water system by Barauskas and Landh [334]. For high phytantriol concen-
trations the authors observed a reversed micellar structure providing a large interfacial area.
However, it should be noted that – at the present stage – there is no evidence whether this
particular structure is present or preserved in the gels.
5.1.3.3.3 Biocatalyst reuse
As can be seen from Figure 5.16, the initial rate displays a decrease by more than 60% after the
first two runs. This initial decline in the MmL activity can be ascribed to the observed significant
loss of phytantriol due to its elution from the gel. As already shown by the measurements
concerning the gel composition, the phytantriol concentration on the gel strongly affects the
enzymatic activity of the lipase. In addition, the elution of phytantriol might be to some extent
accompanied by the loss of enzyme.
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After this drastic decline, the reaction velocity remains quite constant during the subsequent
batch reactions. The initial rate observed after twenty conversions remains at an acceptable level
for the duration of the experiment with the velocity being approx. 88% of the value observed
for the third run.
In contrast to the reaction rates, the final conversions after 24 h reaction time show only slight
decrease by less than 25% after 21 runs.
In summary, the activity of the MmL on the phytantriol-based organogel is quite well preserved
as a comparison with literature shows:
Rees et al. [7] investigated the operational stability of Chromobacterium viscosum lipase im-
mobilised in AOT-based gelatin MBGs towards the repeated synthesis of octyl decanoate in
n-heptane at 25 ◦C. The authors reported a decrease of the initial rate by 25% after 15 catalytic
cycles over a 30-day period. However, individual batch reactions were run to only approx. 10%
final substrate conversion. In a subsequent study on the same MBG system, Jenta et al. [8]
allowed the consecutive batch reactions to proceed to equilibrium. The authors observed an
activity decrease by approx. 40% with each run, although the final conversions remained at
approx. 90% throughout the whole series of 5 reuse experiments.
Zhou et al. [149] conducted a kinetic study on the catalytic behaviour of Candida lypolytical
encapsulated in gelatin-containing AOT MBGs. They observed a decline in the final conversions
by 10% after allowing the MBGs to proceed for ten runs carried out over a 20-day period.
Fadnavis et al. [147] working with lipase from Pseudomonas cepacia encapsulated in crosslinked
gelatin-AOT MBGs reported that their MBG system could be recycled 25 times with less than
10% loss of activity after 25 runs.
Delimitsou et al. [153] investigated the activity of M. miehei lipase entrapped in HPMC MBGs
based on microemulsions formulated with lecithin and AOT, respectively. They observed a
decline in the reaction rate by approx. 15% for the HPMC-lecithin MBGs and by approx. 25%
for the HPMC-AOT MBGs after six consecutive reaction cycles.
5.1.3.3.4 Reactions with supercritical carbon dioxide as external solvent
As can be seen from the reaction profile given in Figure 5.17, MmL entrapped in phytantriol-
based organogels exhibits catalytic activity in scCO2. Consequently, phytantriol-based organo-
gels might be used as a solid-phase catalysts in scCO2. However, it should be noted that
biocatalyst reuse experiments in scCO2 are required in order to assess their economic viability.
5.1.3.4 Conclusion
Initial tests concerning the ability of M. miehei immobilised in phytantriol-based organogels to
catalyse esterification reactions in isooctane and scCO2 were undertaken.
Despite the fact that an extraction of phytantriol from the gel occurred, reuse experiments
with isooctane as external solvent showed that the operational stability in the phytantriol-based
organogels is quite well preserved as compared to observed stabilities for MBG-encapsulated
lipases. Moreover, it was found that both the phytantriol and the HPMC content of the gel
strongly influence the catalytic activity of the entrapped M. miehei lipase.
The so far conducted experiments on this new type of organogel indicate that phytantriol-based
gels might be an alternative to conventional MBGs as enzyme immobilisation matrix: although
the gels are not stable as far as the loss of phytantriol in isooctane is concerned, they exhibit a
5.2 Reactions in microemulsions 89
quite good operational stability. Furthermore, the chemicals used for the preparation of the gel
are all environmentally compatible, and immobilised enzymes exhibit catalytic activity in scCO2.
Future research activities should include further reactions in scCO2 with regard to operational
stability and optimisation of both composition and gelation/preparation of the gels in order to
minimise/avoid phytantriol loss. Moreover, the structure of the gels should be the subject of
investigation in order to gain information concerning the enzyme surrounding.
5.2 Reactions in microemulsions
Recent studies [19, 20, 21] have demonstrated that microemulsions in liquid and supercritical
carbon dioxide might be a suitable reaction medium for cell-free enzymatic biotransformations.
In the present work, lipase from C. antarctica was tested for catalytic activity in microemulsions
formed with three well-known CO2-philic surfactants in scCO2.
5.2.1 Experimental
5.2.1.1 Materials
For the experiments concerning enzyme-catalysed reactions in microemulsions in scCO2, the
following CO2-philic (cf. section 2.2.5) surfactants were used: the nonionic Dehypon Ls-54, and
the ionic amphiphiles di-HCF4 and ClPFPE-NH4. The latter two were prepared as described in
chapter 4, while (Dehypon) Ls-54 (> 99.5%) was obtained from Cognis and used as received.
In addition, CaL, carbon dioxide, hydrochloric acid, isooctane, lauric acid, 1-propanol, Tris, and
Millipore Milli-Q water were utilised. Details concerning their (chemical) properties and sources
of supply can be found in section 5.1.1.1.1.
5.2.1.2 Lipase-catalysed reactions
Lipase-catalysed reactions in microemulsions in scCO2 were carried out in the 32.1mL high-
pressure cell (cf. section 3.2.2). Injections of substrate were performed as described in section
5.1.1.1.3 for the enzymatic reactions with MBGs as immobilisation matrix. An outline of the
apparatus can be found in Figure 3.1.
Appropriate amounts of surfactant, Tris/HCl pH7.5 buffer (cf. section 5.1.1.1.2) containing CaL
and lauric acid were loaded into the high-pressure cell, which was then sealed. The cell temper-
ature was adjusted to about 1K below the final reaction temperature of 35 ◦C since pressurising
leads to a temperature increase in the high-pressure cell. After increasing the pressure by feeding
the cell with CO2, the reactions were started by injecting appropriate amounts of 1-propanol.
The solutions were stirred during reaction by means of a magnetic stirrer. Analysis of the reac-
tions was done by GC after venting and sample recovery. Details concerning GC conditions can
be found in appendix B.
5.2.2 Results
The present study intended to test CaL with regard to its ability to catalyse esterification
reactions in microemulsions in scCO2. For this purpose, the condensation between lauric acid and
1-propanol was chosen as model reaction. As surfactants for the formation of the microemulsions
90 5 Enzymatic reactions in supercritical carbon dioxide
Table 5.6: Survey of the performed tests on the enzyme activity of CaL in microemulsions
formulated with CO2-philic surfactants in scCO2 (35 ◦C). % conversion of the esterification
between lauric acid and 207mM 1-propanol. Surf.= Surfactant. [lauric acid] = 51mM unless
otherwise stated.
Surfactant [Surf.]/mM W0 mLipase/mg p/bar t/h % conversion
ClPFPE-NH4 9.0 10 3.0 120 5 87.9
di-HCF4 a 48 11 9.0 250 8 < 1%
Ls-54 20 10 6.0 250 3 39.3
20 a 10 6.0 250 6 50.1
– b – – 3.0 250 5 72.1
a 103mM lauric acid, reaction started by the injection of appropriate amounts of lauric
acid and 1-propanol solubilised in small amounts of isooctane. b reaction in absence of
surfactant(s). 3.0mg CaL in 50µL Tris/HCl pH7.5 buffer added to the cell prior to sealing.
in scCO2 the well-known CO2-philic surfactants (cf. section 2.2.5) Ls-54, di-HCF4, and ClPFPE-
NH4 were applied. Table 5.6 gives a survey of the observed conversions in the systems studied.
The compositions for the microemulsion systems compiled in Table 5.6 were chosen according
to phase behaviour and conductivity studies on the respective surfactants [201, 235, 236, 247].
Transparent solutions were obtained for surfactants after pressurising and injection. In the case
of ClPFPE-NH4, the resulting microemulsion exhibited opalescence (cf. section 2.2.1), i.e. that
the system showed a blue color when observed perpendicularly to the incident light.
However, in all microemulsion systems a slightly brownish precipitate could be observed at
the walls of the high-pressure cell. In order to identify the precipitate, control experiments in
absence of different microemulsion components were performed revealing that the precipitate
was (wet) lipase. This finding is in agreement with the fact that lyophilised CaL as obtained
from Fluka is slightly brown. Moreover, the least amount of precipitated enzyme was observed
for the ClPFPE-NH4 microemulsion, the system with the least lipase content.
In addition, the control experiments showed that precipitation of the lipase likewise occurs in
the absence of surfactants and that the precipitated enzyme is active in scCO2, as can be seen
in Table 5.6.
5.2.3 Discussion
The results compiled in Table 5.6 indicate that the observed esterification of lauric acid with
1-propanol in microemulsion systems based on ClPFPE-NH4 and Ls-54, respectively, in scCO2
can be attributed to the catalytic activity of solid (precipitated) enzyme. However, it should be
noted that there might still be some catalytically active lipase dissolved in the microemulsion.
In the case of the di-HCF4-based microemulsion, it seems, moreover, that the fluorinated sur-
factant inhibits the catalytic activity of the used CaL. A similar observation has been reported
by Bittner [64]. The author studied the compatibility of miscellaneous lipases with the fluoro-
surfactant PFPE-NH4 and found that most enzymes were inhibited by the surfactant.
A possible explanation for the precipitation of the lipase in all microemulsion systems studied
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might be that the high amount of enzyme used could not be sufficiently solubilised/stabilised
within the aqueous droplets of the microemulsions. Kane et al. [21] investigating the catalytic
ability of cholesterol oxidase in PFPE-based microemulsions in scCO2 used approx. 1.5µg of
enzyme in total volume of 3.5mL. Similarly, Holmes et al. [19] worked with a total enzyme
amount of approx. 6.5µg in their study of a lipase-catalysed hydrolysis in a di-HCF4-based
microemulsion in liquid carbon dioxide.
However, the use of less enzyme seems problematic with the high-pressure apparatus at the
present stage: a possible precipitation of the lipase might be overseen due to the limited possi-
bilities for observing the cell contents. Moreover, since the results obtained so far indicate that
the lipase is also active in the absence of surfactant, it would not be possible to differentiate
between a reaction catalysed by lipase encapsulated in the microemulsion droplets and a reaction
catalysed by the free precipitated enzyme. Consequently, no further experiments concerning the
catalytic activity of CaL in microemulsions in scCO2 were performed.
In order to allow a clear differentiation in this case, it would be necessary to prove that the
lipase is present in the microemulsion droplets while the reaction proceeds. A possible method
for this purpose could be fluorescence spectroscopy with fluorescence-labelled enzymes.
5.2.4 Conclusion
C. antarctica lipase was tested for catalytic activity in microemulsion systems based on ionic
(PFPE-NH4 and di-HCF4) and nonionic (Ls-54) surfactants in scCO2. The performed experi-
ments showed that the used lipase could not be sufficiently solubilised within the internal phase
of the microemulsions resulting in the precipitation of the enzyme. Accordingly, the observed en-
zymatic activity was attributed to the precipitated solid lipase. Evidence for enzymatic catalysis
by lipase entrapped in the microemulsion was not found.
Due to its catalytic activity, the free (solid) lipase might serve as a reference system for further
investigations on enzymatic reactions with organogels as immobilisation matrix in scCO2.

6 Solubility studies
In addition to enzymatic reactions in scCO2, solubility studies on surfactants and related
molecules were performed in scCO2 in order to find new surfactants for the stabilisation of
w/c microemulsions. Since toxicological results are indicative of a potential toxic effect of CO2-




Dowanol DPM (bis(isopropylene glycol) methyl ether, mixture of isomers, 99%) and Dowanol
DPnB (bis(isopropylene glycol) butyl ether, mixture of isomers, ≥ 98.5%) were obtained from
Aldrich, and Triton X-45 from Fluka.
Octyltributylammonium bromide (C8C4) and DPnBPrSO3Na, an ionic derivative of Dowanol
DPnB, were synthesised as described in chapter 4.
Ralufon F 5-13 (approx. 80% active substance) was provided by Raschig (Ludwigshafen, Ger-
many). Akypo LF1 (≥ 89% active substance, max. 10% water) was obtained from Kao Chem-
icals (Emmerich, Germany), while Emulsogen CIO 050 (containing 10.6% water) was provided
by Clariant.
In addition, carbon dioxide, 1-pentanol, and water were used for the solubility studies. Details
concerning their (chemical) properties and sources of supply can be found in section 5.1.1.1.1.
6.1.2 Solubility experiments in carbon dioxide
Solubility experiments concerning surfactants and related molecules were carried out in the
32.1mL high-pressure cell unless otherwise stated. Cell contents were mixed by means of a
magnetic stirrer. The injection system was disconnected from the high-pressure apparatus.
The substance to be tested for its solubility in carbon dioxide and optionally water and/or co-
surfactant were loaded into the cell which was then sealed. Due to the fact that pressurising
results in a temperature increase, the cell temperature was adjusted to approx. 0.8K below the
measurement temperature of 35 ◦C. Starting from an initial pressure of 100 bar, the pressure
in the cell was then raised in steps of 50 bar up to a maximum of 450 bar. Subsequently, the
temperature in the cell was lowered to 25 ◦C at a constant pressure of 450 bar. Observations
regarding solubility were usually made 15-30 min after each change in pressure or temperature.
6.2 Results
A survey of the qualitative experiments concerning the solubility of surfactants and related
molecules in scCO2 can be found in Table 6.1. Figure 6.1 shows the constitutional formulas of


























C8H17 (OC2H4)6 O CH2 COOH
Akypo LF1
CnH2n+1 (OC2H4)5 O CH2 COOH
Emulsogen CIO 050
Figure 6.1: Constitutional formulas of the substances used for the solubility studies on surfac-
tants and related molecules. Dowanol DPM, Dowanol DPnB, and DPnBPrSO3Na: mixture
of isomers. Triton X-45: n =∼ 5. Emulsogen CIO 050: n = 6,8.
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96 6 Solubility studies
the substances under investigation.
The isobaric lowering of the temperature from 35 ◦C to 25 ◦C was done assuming that an increase
in the density of the carbon dioxide phase might result in a increased solubility of the investigated
substance (cf. section 2.1.2 and [37, 38]).
6.3 Discussion
As can be seen from Table 6.1, most of the tested surfactants and related molecules are not
soluble in carbon dioxide under the specific conditions chosen.
Only Dowanol DPM and Dowanol DPnB allowed the formation of clear transparent single phase
solutions indicating their highly CO2-philic structure. Dowanols being ethers of alcohols with
bis(isopropylene glycol) are known as solvo-surfactants or hydrotropic detergents, i.e. that they
combine properties of solvents with those of surfactants [338, 339]. They can, thus, be applied as
solvents, cosolvents, cosurfactants, or real surfactants depending on temperature or/and on their
molecular composition [338]. Due to their solvo-surfactant characteristics and their CO2-philic
structure, they might be used as cosolvents or cosurfactants with liquid or supercritical carbon
dioxide in order to enhance the solubilities of less CO2-philic or CO2-phobic substances and to
promote the ability of hydrocarbon surfactants to form w/c microemulsions (cf. section 2.1.4.2
and Table 2.2). Accordingly, Dowanol DPnB was used as cosurfactant for the present solubility
studies apart from 1-propanol.
Due to the CO2-philic behaviour of Dowanol DPM and DPnB, respectively, DPnBPrSO3Na was
synthesised (cf. section 4.3) as an ionic derivative of Dowanol DPnB. The solubility experiments
showed that DPnBPrSO3Na in absence/presence of 1-propanol and Dowanol DPnB, respectively,
is insoluble in scCO2 and does not allow the dispersion of water within reverse micelles in
supercritical and liquid carbon dioxide. Ralufon F 5-13 having a similar structure does, likewise,
not seem to form reverse microemulsions in scCO2. It should be noted that so far no single-
tail ionic surfactants, apart from perfluoropolyether or other fluorinated [340] amphiphiles, have
been reported to stabilise w/c microemulsions.
Octyltributylammonium bromide (C8C4) was chosen for the solubility tests due to weak tail-tail
interactions as indicated by the low melting point of approx. 35 ◦C. The results indicate that
C8C4 is insoluble in scCO2 and may not be used as a hydrocarbon surfactant for the stabilisation
of w/c (micro-)emulsions. The addition of cosurfactant does obviously not influence its solubility
in scCO2.
Moreover, Triton X-45 seems to be incapable of forming a w/c microemulsion. This finding
is in agreement with a recent study by Eastoe et al. [341]. Although Triton-type surfactants
with similar structure were reported to be soluble in liquid and supercritical carbon dioxide, the
authors stated that all tested amphiphiles were not capable of dispersing significant amounts of
water in hydrated reverse micelles or microemulsion droplets.
The polyethyleneglycol n-alkyl ether carboxylic acids, Akypo LF1 and Emulsogen CIO 050, were
found to be insoluble in scCO2. Structurally similar straight-chain nonionic polyethylene glycol
n-alkyl ethers such as C8E5 [86] and C12E3 [221] were reported to form aggregates in carbon
dioxide. However, no significant water uptake was observed and the formation of micelles often
required the addition of a cosolvent or cosurfactant. It might, thus, be that the addition of
cosurfactants such as 1-propanol increases the solubility of the tested carboxylic acids.
In the present study, the substances for the solubility tests were predominantly chosen for the
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sole reason that they have CO2-philic groups in their constitutional structure. Recent data
from empirical structure-activity relationship studies have, however, allowed the establishment
of predictive concepts and parameters which might permit a systematic search for/design of new
CO2-philic surfactants for their potential application in scCO2.
Recently, Johnston and coworkers [342] proposed an index for surface activity at a water-CO2
interface based on the fractional free volume (FFV) available to carbon dioxide in the tail region.
It was suggested that the free fraction volume can be calculated as follows:
FFV = 1− Vt
tAh
(6.1)
where Vt is the van der Waals volume of the surfactant tail, Ah is the interfacial area per
headgroup/surfactant molecule, and t is the thickness of the interface. For a given surfactant,
the FFV factor can be estimated from literature values [22].
Johnston et al. [342] proposed that amphiphiles with a low FFV should represent the most CO2-
philic surfactants and should, thus, promote the formation of w/c microemulsions. A comparison
of phase transition pressures reported in literature and calculated FFV values for thirteen differ-
ent surfactants revealed a clear correlation between low FFV and low phase transition pressures
as indicator for high surfactant activity at the water-CO2 interface.
Moreover, Dupont et al. [186] concluded in a recent study that the free fractional volume (FFV)
might be a useful parameter for finding/designing new CO2-philic surfactants. The authors
reported that their findings concerning phase behaviour of different hydrocarbon-fluorocarbon
surfactants were in agreement with calculated FFV for the respective surfactants.
Another recently established parameter is the so-called hydrophilic-CO2-philic balance (HCB)
[181], an analogue to the hydrophilic-lipophilic balance in conventional oil/water systems. The




ETC − ETT − ECC
EHW − EHH − EWW (6.2)
where Eij (positive quantity) represents the various interaction energies between carbon dioxide
(C), surfactant tails (T), surfactant headgroups (H), and water (W).
Low HCB values result in the formation of w/c microemulsions or (macro-)emulsions [184]. As
can be seen from Equation (6.2), this condition is favoured by increasing the tail-CO2 interactions
(high ETC) while lowering the tail-tail interactions (low ETT) [184].
A recent computer simulation study by Stone et al. [344] indicated that energetic interactions
between fluorinated tails and carbon dioxide are comparable to those between hydrocarbon tails
and carbon dioxide. However, it was found that the tail-tail interactions, ETT, are much stronger
for hydrocarbon tails than for fluorocarbon ones.
Consequently, the observed capability of branched, “stubby”nonionic surfactants to stabilise w/c
microemulsions [343] and the solubility of branched AOT derivates in scCO2 [239] can be – at
least partly – attributed to reduced tail-tail interactions of branched surfactants due to limited
tail overlays [184].
Da Rocha and Johnston [345] measured the interfacial tension at the water-CO2 interface with
a dissolved PFPE surfactant. They were able to show that the interfacial tension has to be
lowered to a typical value for microemulsions of approx. 1mN m−1 in order to obtain a w/c
microemulsion stabilised by the PFPE amphiphile. Recently, Dupont et al. [186] suggested
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that the water-poly(dimethylsiloxane) interface might be used as a model system for interfacial
tension measurements in order to avoid such measurements for the water-CO2 interface when
screening for new CO2-philic surfactants.
Moreover, studies on fluorinated AOT-like surfactants [75, 187, 188, 220, 232, 233, 234, 238]
indicated that both surface tension and Krafft point measurements in aqueous solutions might
be further parameter to predict the ability of surfactants to form/stabilise microemulsions in
scCO2.
6.4 Conclusion
Surfactants and related molecules were tested for their solubility in scCO2 in order to identify
new surfactants for the formation of w/c microemulsions.
Dowanol DPM and Dowanol DPnB were shown to be highly soluble in scCO2. Because of their
solvo-surfactant properties, they might be used as cosolvents and cosurfactants, respectively, for
further investigations concerning the capability of surfactants to form reverse microemulsions in
scCO2.
Apart from the above mentioned Dowanols, the tested surfactants, C8C4, DPnBPrSO3Na,
Akypo LF1, Ralufon F 5-13, and Emulsogen CIO 050, were not found to be soluble in scCO2
or to stabilise w/c microemulsions. It should, however, be noted that the surfactants might be
soluble under different conditions or with other/additional cosurfactant(s).
Recent advances concerning a parametric and predictive description of the ability of surfactants
to form microemulsions in scCO2 might allow a systematic screening of new (hydrocarbon)
surfactants or the specific synthesis of such amphiphiles.
7 Summary
In the present thesis, the catalytic ability of lipases encapsulated in microemulsion-based organo-
gels with scCO2 as external solvent was the subject of investigation.
Lipases from C. antarctica and M. miehei were encapsulated in AOT as well as in lecithin
water-in-oil (w/o) microemulsion-based organogels (MBGs). These gels were formulated with
either hydroxypropylmethyl cellulose (HPMC) or gelatin. The esterification of lauric acid and 1-
propanol catalysed by these MBGs was examined in supercritical carbon dioxide (scCO2; 35 ◦C,
110 bar) as solvent for the substrates.
Preliminary tests showed that both enzymes were catalytically active in MBGs based on either
HPMC or gelatin and in microemulsions containing either AOT or lecithin. Furthermore, it was
found that these gels are capable of catalysing transesterification reactions.
Starting from the initial tests as described above, the focus was set on HPMC-based MBGs
containing C. antarctica lipase immobilised in a lecithin microemulsion for further investigations.
Apart from kinetic measurements various parameters like pressure, alcohol and acid chain length,
and gel composition were investigated with regard to the reference solvent isooctane.
Kinetic studies showed that the ester synthesis catalysed by the immobilised C. antarctica lipase
occurs via a Ping Pong Bi Bi mechanism in which only inhibition by excess of alcohol was
identified. Values of all kinetic parameters were determined. In addition, the effect of pressure
on the initial reaction rate in scCO2 exhibited a similar behaviour as described in literature for
free or conventional immobilised enzymes and for reactant concentrations below saturation. The
influence of the alcohol and acid chain length on the initial rate revealed significant differences
between scCO2 and isooctane, which can be attributed to a diverse partitioning of the reactants
in the two solvents.
The effect of gel composition on the enzymatic reaction was found to be similar in both solvents
and displayed an increase of the reaction rate with increasing biopolymer fraction and, thus,
decreasing water content of the gel matrix. In order to get further insight to changes within
the gel matrix, differential scanning calorimetry (DSC) measurements on freezing and melting
of water in the gel matrix were performed. They displayed changes in the water types present
at different water contents, which can be correlated to changes in the initial reaction rate.
As the operational stability of an immobilised enzyme, i.e. the ability to reuse, is an important
parameter determining the economic viability of a biocatalytic process, initial reuse experiments
were conducted with the HPMC-lecithin gels containing C. antarctica lipase. They showed that
the slight decrease of activity in carbon dioxide is similar to that observed in isooctane.
In addition, the catalytic activity of HPMC MBGs containing C. antarctica lipase immobilised
in so-called detergentless microemulsions comprised of n-hexane, 1-propanol, and buffer solution
was investigated in scCO2. It could be shown that this type of MBG is likewise active in scCO2.
Biocatalyst reuse experiments indicate that detergentless MBGs exhibit a better operational
and storage stability than organogels formulated with classical microemulsions.
Phytantriol-based organogels as a new type of immobilisation matrix were tested for their po-
tential application as solid-phase catalysts with both isooctane and scCO2 as external solvents.
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It was shown that M. miehei lipase immobilised in such organogels is capable of catalysing the
esterification of 1-propanol and lauric acid in both solvents. Typical reaction profiles could be
observed. However, the preliminary tests in isooctane revealed that within 24 h approx. 75% of
the phytantriol used for the preparation of the gel is dissolved in the external solvent.
The effect of the gel composition on the catalytic activity was investigated in two different series
of experiments. The variation of the phytantriol content of the gels showed that the reaction
rate increases with increasing phytantriol mass fractions at low phytantriol concentrations. A
comparison of the observed initial rates with those obtained for hydrogels indicated, moreover,
that the phytantriol/water system is capable of providing an oil/water interface for the interfacial
activation of the lipase. As far as the HPMC-mass fraction is concerned, the effects were similar
to those observed for the organogels with conventional microemulsions.
In order to determine the operational stability of theM. miehei lipase immobilised in phytantriol-
based organogels, reuse experiments were conducted in isooctane. They showed that the catalytic
activity is quite well preserved despite the fact that the already mentioned loss of phytantriol
occurs.
Moreover, C. antarctica lipase was tested for catalytic activity in microemulsion systems based
on ionic (PFPE-NH4 and di-HCF4) and nonionic (Ls-54) surfactants in scCO2. However, no
evidence for enzymatic catalysis by lipase solubilised in the microemulsions was found.
Furthermore, qualitative solubility studies on surfactants and related molecules were performed
in scCO2 in order to identify new surfactants for the formation of w/c microemulsions. While
Dowanol DPM and Dowanol DPnB exhibited high solubility in scCO2, the tested surfactants,
C8C4, DPnBPrSO3Na, Akypo LF1, Ralufon F 5-13, and Emulsogen CIO 050, were not found
to be soluble in scCO2 or to stabilise w/c microemulsions.
A Engineering drawings
The Figures A.1 and A.2 show scans of the engineering drawings of the 100mL high-pressure cell
(cf. section 3.2.1). The drawings were provided by: Bio-Ingenieurtechnik GmbH (Engelsdorf,
Germany).
All other drawings in this section were prepared by means of the computer programme AutoCAD
[346]:
Detailed engineering drawings of the 32mL high-pressure cell can be found in the Figures A.3
(top view), A.4 (horizontal section), A.5 (vertical section HS1), A.6 (vertical section HS2), A.7
(vertical section HS3) and A.8 (detail drawings E1 and E2). The Figures A.9 (top view) and
A.10 (vertical sections DS1, DS2, and DS3) show drawings of the lid of the 32mL high-pressure
cell.
The Figures A.11, A.12, A.13, and A.14 show drawings of various gland nuts for the different
screwed ports of the high-pressure cells.
Plans of the high-pressure electrodes (cf. section 3.8.2) for conductivity studies can be found
Figures A.15 and A.16.
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Figure A.1: Drawings of the 100mL stainless steel high-pressure cell – part 1.
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Figure A.2: Drawings of the 100mL stainless steel high-pressure cell – part 2.
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Figure A.3: Top view on the 32.1mL stainless steel high-pressure cell.
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Figure A.4: Horizontal section (29mm above the bottom) through the 32.1mL stainless steel
high-pressure cell.
106 A Engineering drawings
Figure A.5: Sectional drawing HS1 of the 32.1mL stainless steel high-pressure cell.
Figure A.6: Sectional drawing HS2 of the 32.1mL stainless steel high-pressure cell.
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Figure A.7: Sectional drawing HS3 of the 32.1mL stainless steel high-pressure cell.
Figure A.8: Detail drawings E1 and E2 of the 32.1mL stainless steel high-pressure cell.
108 A Engineering drawings
Figure A.9: Top view on the lid of the 32.1mL stainless steel high-pressure cell.
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Figure A.10: Sectional drawings DS1, DS2, and DS3 of the lid of the 32.1mL stainless steel
high-pressure cell.
110 A Engineering drawings
Figure A.11: Stainless steel gland nut for the 1/4 inch high-pressure tube connections of the
32.1mL cell.
Figure A.12: Stainless steel gland nut used for the sapphire window units for the 32.1mL
high-pressure cell.
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Figure A.13: Alternative stainless steel gland nut for the sapphire window units for the 32.1mL
high-pressure cell. It allows the fixation of optical fibres with metallic end sleeves (ZEISS type)
by means of a setscrew.
Figure A.14: Exploded drawing of the stainless steel gland nut for the high-pressure electrodes.
112 A Engineering drawings
Figure A.15: High-pressure electrode I for conductivity measurements – exploded drawing.
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Figure A.16: High-pressure electrode II for conductivity measurements – exploded drawing.

B GC conditions and reaction analysis
B.1 GC equipment
Analysis of enzymatic reactions was performed on a HP 6890 GC system with a flame-ionisation
detector (FID). The used separation column was a HP-5 ((5%-Phenyl)-methylpolysiloxane; nom-
inal length: 30m; nominal diameter: 0.32mm; nominal film thickness: 0.025µm; HP Part No.
19091J-413) capillary column. Data acquisition and analysis were accomplished using HP Chem-
Station (version A.06.01) software.
B.2 GC conditions for reaction analysis
This section gives the GC conditions for the analysis of the chosen model esterification reaction
between 1-propanol and lauric acid. The conditions for the reaction evaluation depend on
the particular organogel used for the encapsulation of the enzyme as leaching of certain gel
components such as AOT and phytantriol occurs. As solvent for the reaction samples isooctane
was used.
B.2.1 Organogels based on lecithin or detergentless microemulsions
Table B.1 shows the GC conditions for the analysis of the esterification of 1-propanol and lauric
acid catalysed by lipase immobilised in organogels based on lecithin or detergentless microemul-
sions.
B.2.2 Organogels based on AOT microemulsions
In the case of AOT MBGs, traces of AOT leached from the gels require the modification of
the oven conditions in order to purge the AOT from the capillary column (cf. Table B.2). The
settings for the inlet, the column, and the detector do not have to be changed (cf. Table B.1).
B.2.3 Phytantriol-based organogels
As can be seen in Table B.3 the GC oven settings have also to be modified due to the leaching
of phytantriol from the organogels. As in the case of AOT MBGs, the settings for the inlet, the
column, and the detector do not have to be changed (cf. Table B.1).
The GC settings for the phytantriol-based organogels were also used for the analysis of the
enzyme catalysed reactions in w/c microemulsions. However, the run time had to be modified
in this case depending on the surfactant used for the formation of the microemulsion in scCO2.
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B.3 Reaction analysis





where Ai represents the peak area of ester and acid, respectively, as determined by GC mea-
surements.
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Table B.1: GC conditions for the analysis of the esterification of 1-propanol and lauric acid:
enzyme immobilisation in organogels based on lecithin or detergentless microemulsions.





Initial temperature 280 ◦C
Pressure 59.1 kPa
Split ratio 50.298 : 1
Column Capillary column cf. section B.1
Mode Constant flow
Initial flow 0.9mL min−1
Nominal initial pressure 59.1 kPa
Detector (FID) Temperature 300 ◦C
Hydrogen flow 40mL min−1
Air flow 450mL min−1
Mode Constant makeup flow
Makeup flow 45.0mL min−1
Makeup gas type Nitrogen
Lit offset 2.0 pA
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Table B.2: GC conditions for the analysis of the esterification of 1-propanol and lauric acid:
enzyme immobilisation in organogels based on AOT microemulsions.
Oven Initial temperature 200 ◦C
Initial time 5.00min
Ramp – Rate 25.0K min−1
Ramp – Final temperature 250 ◦C




Initial temperature 280 ◦C
Pressure 59.1 kPa
Split ratio 50.298 : 1
Column Capillary column cf. section B.1
Mode Constant flow
Initial flow 0.9mL min−1
Nominal initial pressure 59.1 kPa
Detector (FID) Temperature 300 ◦C
Hydrogen flow 40mL min−1
Air flow 450mL min−1
Mode Constant makeup flow
Makeup flow 45.0mL min−1
Makeup gas type Nitrogen
Lit offset 2.0 pA
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Table B.3: GC conditions for the analysis of the esterification of 1-propanol and lauric acid:
enzyme immobilisation in phytantriol-based organogels.
Oven Initial temperature 200 ◦C
Initial time 5.00min
Ramp – Rate 25.0K min−1
Ramp – Final temperature 250 ◦C




Initial temperature 280 ◦C
Pressure 59.1 kPa
Split ratio 50.298 : 1
Column Capillary column cf. section B.1
Mode Constant flow
Initial flow 0.9mL min−1
Nominal initial pressure 59.1 kPa
Detector (FID) Temperature 300 ◦C
Hydrogen flow 40mL min−1
Air flow 450mL min−1
Mode Constant makeup flow
Makeup flow 45.0mL min−1
Makeup gas type Nitrogen
Lit offset 2.0 pA

C Analysis of the DSC data
C.1 Peak analysis
Peak analysis of the DSC data was done by fitting the experimental data to a linear combi-
nation of three asymmetric Gaussian bands. The fitting algorithm was based on non-linear
iterative least square procedures as proposed by Frasier and Suzuki [347]. For the mathematical
description of a single skewed Gaussian band the following function, Y = f(X), was chosen
[348]:
Y = Y0 · exp
[
− ln 2 · {ln (1 + 2b (X −X0) /∆X1/2)/b}2] (C.1)
where Y0 represents the peak height, and X0 the peak position. In contrast to a symmetrical
Gaussian band, the parameter ∆X1/2 does not represent the half band width but its value may





where XL and XU are the upper and lower X value at which Y falls to 12Y0. The value of the
parameter b can be estimated from the observed data using the following equation:
b = sinh−1
[
(XU −X0)2 − (XL −X0)2
2 (XU −X0) (XL −X0)
]
(C.3)









b2/ (4 ln 2)
]
(C.4)
Onset temperatures for each peak were determined as described in the recommendations of the
German Society for Thermal Analysis (GEFTA) [349, 350, 351, 352, 353].
C.2 Analysis of the water peaks
As already stated in section 5.1.1.2.5, the determination of the existing amounts of the different
water types was accomplished by means of an equation derived from thermoporometry studies.
Thermoporometry is a widely used calorimetric method for the determination of pore size dis-
tributions based on the melting point depression of substances confined within small pores. A
detailed theoretical basis for the quantitative analysis of such measurements was provided in
122 C Analysis of the DSC data
1977 by Brun et al. [314, 315]. Reviews concerning thermoporometry studies can be found in
[354, 355, 356, 357].
Amongst other mathematical terms, Brun et al. [314, 315] derived the following equation for the
temperature dependent apparent heat of fusion ∆Ha(Θ) of the penetrant liquid:
∆Ha(Θ) = ∆Hf + C ·∆Θ+D · (∆Θ)2 (C.5)
∆Hf is the heat of fusion of the same liquid under normal conditions (332 J g−1 for water). ∆Θ
refers to the melting point depression and is negative for lowered melting points. The parameters
C and D generally depend on whether the measurement was performed while cooling or heating
the sample, on the pore geometry, and on the penetrant liquid.
In the present case, it was assumed that the water is constrained within cylindrical pores inside
the MBGs. Consequently, the numerical values of the constants C and D for the performed
heating experiments are given by:
C = 11.39 J g−1K−1 (C.6)
D = 0.155 J g−1K−2 (C.7)





where Ai is the peak area and β is the scan rate applied for the DSC measurement.
The melting point depression ∆Θi of the peak is given by its onset temperature. The amount





Allowing for the known mass of gel used for the DSC experiment and the known composition of
the gel, Equation C.9 permits the calculation of the mass fraction χi of the specific water type
in the gel (cf. Table 5.4).
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